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ABSTRACT

Trematode parasites are ubiquitous in marine environments and their importance in
ecological function is becoming increasingly recognized, impacting host behaviors, food web
dynamics, and community diversity. Trematodes are inextricably tied to their hosts. Therefore, to
understand the role of trematodes it is essential to understand their relationships with their hosts.
Trematodes typically utilize first intermediate, second intermediate, and definitive hosts to
complete their life cycle. Second intermediate hosts are underrepresented in trematode research.
Most parasite models and theory are thus incomplete as they rarely include this life stage of the
parasite. This research examines the relationship between the trematode Zoogonus rubellus and
its first and second intermediate hosts within Great Bay Estuary, New Hampshire, with a
particular emphasis on the impact of Z. rubellus on the second intermediate hosts.
The spatial and temporal distributions of Z. rubellus within its first intermediate host
Ilyanassa obsoleta and second intermediate hosts, nereid worms, were investigated through a
series of annual surveys of six sites around Great Bay Estuary (Chapter 1). Sites were
simultaneously surveyed for first and second intermediate hosts, which were then dissected in the
laboratory to determine parasitic infection rates. The results of the surveys established (1) three
nereid worm species, Alitta virens, Neanthes succinea, and Hediste diversicolor, as natural
second intermediate hosts for Z. rubellus, (2) the spatial and temporal distribution of Z. rubellus,
and (3) the relationship between infection patterns among first and second intermediate hosts.
The relationship among first and second intermediate hosts was further investigated in
Chapter 2. The first intermediate host is the source of infection for the second intermediate host.
This chapter investigated the role of two temporally variable abiotic factors, temperature and
salinity, and their effect on the release of infective trematodes. Both temperature and salinity
ix

vary substantially within Great Bay Estuary on multiple temporal scales. Both factors were found
to significantly impact the release of trematodes from the first intermediate host. Understanding
how these abiotic factors affect trematode release is essential to understand the infection risk for
second intermediate hosts.
The final chapter investigated the impact of Z. rubellus on the biology of the second
intermediate hosts. This chapter compared the susceptibility to infection and post-infection
effects of Z. rubellus on two nereid worm species, Alitta virens and Hediste diversicolor. These
species are both natural hosts to Z. rubellus and sympatric within Great Bay Estuary. Thus, they
interact with each other and with Z. rubellus, and infection may differentially affect these host
species. The susceptibility to infection differed between these two nereid worm hosts. Hediste
diversicolor displayed a density-dependent decrease in predation activity in response to exposure
to Z. rubellus. However, neither nereid species displayed long term growth impacts from
infection by Z. rubellus.
The results of these studies highlight the interwoven relationship among these three
groups of species. All three of these species are dominant members of the intertidal mudflat
community and their roles are still poorly understood, particularly in light of their interactions
with each other. This research establishes the groundwork for understanding the mechanisms that
drive their interactions.

x

INTRODUCTION

Every living organism is host to parasites. Despite their ubiquity, parasites are often
overlooked. Ecologists have long used food web theory to describe ecological communities, but
until recently most food web analyses excluded parasites (Thompson et al. 2005, Lafferty et al.
2006, 2008). Recent evidence, however, suggests a critical role for parasites (Wood et al. 2007,
Bernot and Lamberti 2008, Hernandez and Sukhdeo 2008). One study asks, “Is a healthy
ecosystem one that is rich in parasites?” (Hudson et al. 2006), to which the authors answer yes.
A growing body of evidence suggests that a healthy ecological community, a biodiverse
community, includes a biodiverse parasite population. Specialist parasites have been shown to be
able to regulate their host populations; such regulation of host density may in turn allow for other
competitors to enter the community. Increasing numbers of specialist parasites can function to
increase the biodiversity, resilience, and stability of the community (reviewed by Hudson et al.,
2006). Even in medicine, a similar idea has emerged; the “hygiene hypothesis” suggests that
increased prevalence of allergies in developed nations, such as the US and Europe, is correlated
with a decrease in exposure to pathogens and parasites (Yazdanbakhsh et al. 2002).
Complex interactions and effects on community structure highlight the importance of
understanding how parasites interact directly with their hosts and indirectly with other organisms
through alteration of the hosts’ expressed characteristics, known as the extended phenotype
(Dawkins 1982). The extended phenotype hypothesis explains how the host genotype and the
parasite genotype interact to produce the host extended phenotype; the extended host phenotype
can differ from the host’s genetically dictated phenotype. This phenomenon of the extended
phenotype has been clearly demonstrated in host-parasite relationships of so-called
“manipulative parasites”. Examples of parasites, such as trematodes, altering the movement or
1

migration patterns of the host have been documented across a broad range of habitats and
taxonomic groups (see Curtis, 1993; Lefèvre et al., 2009; Sorensen and Minchella, 2001;
Thomas et al., 1998).
Several studies have further demonstrated how differences in the extended host
phenotype can change predator-prey interactions (Hadeler and Freedman 1989, Abrams 2000)
and competition (Price et al. 1988, Schall 1992, Matthies 1996, Hudson and Greenman 1998).
Although it has been inferred for over 40 years, few studies to date have taken the next step to
assess the impacts of these parasite mediated effects on community structure (exceptions see
Thomas et al., 1998; Wood et al., 2007). The goal of my dissertation work is to begin to fill in
these gaps and consider the question: Does parasitic infection alter the ecological function of
predators and thus indirectly impact community structure?
To address this broad question, I studied a parasitic flatworm, Zoogonus rubellus (class:
Trematoda), one of the most commonly observed trematode parasites in estuarine communities
in the Northeastern US (Altman 2010). Like many trematodes, Z. rubellus sequentially infects a
series of hosts (Figure 1): miracidia hatch from eggs and infect the first intermediate host, the
Eastern mudsnail Ilyanassa obsoleta, which then migrate to the visceral mass and gonads where
they metamorphose into asexually reproducing sporocysts; within the sporocysts, cercariae
develop and exit the snail host to find and infect a second intermediate host, the ragworm Alitta
virens (Shaw 1933); within A. virens they metamorphose into metacercariae and encyst within
the body wall and parapodia (Shaw 1933); the life cycle is completed when A. virens is
consumed by the definitive fish host, American eel Anguilla rostrata, tautog Tautoga onitis,
summer flounder Paralichthys dentatus, smooth founder Liopsetta putnami, or toadfish Opsanus
tau; within the definitive fish host, Z. rubellus migrates to the intestine where it matures and
2

reproduces (Shaw 1933, Stunkard 1938, Burn 1980, Altman 2010). Other organisms, in
particular other polychaete worms, have been implicated as potential second intermediate hosts,
however A. virens is the only naturally occurring host species that has been reported. Within
Great Bay Estuary, two closely related nereid worms, Neanthes succinea and Hediste
diversicolor, are found in abundance and are likely candidates for second intermediate hosts of Z.
rubellus.

Figure 1: The life cycle of Zoogonus rubellus.
Given the diversity of organisms, representing a breadth of trophic levels that directly
interact with Z. rubellus, it has the potential to play a significant role in community structure.
3

Much of the research on Z. rubellus has focused on its effects on the first intermediate host, the
Eastern mudsnail I. obsoleta, due to the ease of working with snails. Zoogonus rubellus infection
of I. obsoleta results in castration of the host (Cheng et al. 1973) and can persist for at least 6
years (Curtis 2003). Therefore, a single miracidium, if it successfully infects an I. obsoleta, can
survive through asexual reproduction for years and produce millions of cercariae (the larval stage
that infects the second intermediate host). The parasite has also been demonstrated to affect the
behavior of the host, resulting in an increased response to carrion by female I. obsoleta (Curtis
1985), decreased locomotion (Sindermann 1960, Stambaugh and McDermott 1969), and
alterations to vertical migration patterns (Curtis 2007). The consequence of Z. rubellus infection
in I. obsoleta is an extended host phenotype that is distinct from the host’s solitary phenotype;
the impacts and community level interactions of I. obsoleta are likely also different at sites where
Z. rubellus is present or absent.
In contrast, second intermediate hosts, which are highly variable among and within
trematode species, are poorly studied (see Ballabeni and Ward, 1993; Kuris and Warren, 1980;
Lee et al., 1995; Lefebvre and Poulin, 2005; Stunkard, 1962). Despite A. virens being identified
in the field as a second intermediate host of Z. rubellus by researchers in the 1930s (Shaw 1933,
Stunkard 1938), little work has been conducted to further understand this symbiosis. The biology
of nereid worms, including A. virens, has been extensively studied due to their commercial value
in the baitworm fishery, their value as bioindicators of sediment contamination in coastal softsediment environments, and their ecological importance as both prey and predators in marine
communities. Alitta virens, in particular, plays a significant role in community structuring
through top-down predator control of infaunal community composition (i.e. direct consumption
of organisms living within sediment, such as small crustaceans and other worm species)
4

(Commito 1982, Commito and Shrader 1985). One laboratory study showed that exposure of A.
virens to the parasitic Z. rubellus decreased the ragworms’ predation on a small crustacean
common in soft-sediment environments (McCurdy and Moran 2004). Any change in predation
activity of A. virens has the potential to create trophic cascades in the community; thus, Z.
rubellus has the potential to indirectly structure soft-sediment communities through its effects on
A. virens.
Previous field surveys report the high prevalence of Z. rubellus infection in the first
intermediate host Ilyanassa obsoleta throughout this snail’s native range, including the Great
Bay Estuary (Altman 2010). These results suggest that the parasite Z. rubellus is one of the most
common species found in the soft-sediment communities within the Great Bay Estuary System
and has the potential to be an important player in determining the structure and/or composition of
the community. To address this hypothesis, I focused on three aspects of the ecology of Z.
rubellus:
Chapter 1: Spatial and temporal distribution of Zoogonus rubellus in first and second
intermediate hosts in Great Bay Estuary
Chapter 2: Cercarial emergence patterns of Zoogonus rubellus and infection risk to
second intermediate hosts
Chapter 3: Effects of Zoogonus rubellus infection on the predation activity and growth
of the second intermediate nereid worm hosts

Study Site:
Great Bay Estuary, New Hampshire is a large tidally dominated estuary fed by 7 rivers
and extends 10 miles inland from the Atlantic coast. The estuary system is characterized by a
5

variety of habitat types including deep channels, tidal rapids, salt marshes, eel grass beds, and
unvegetated intertidal mudflats. Fine to medium grain silt dominates the substratum throughout
the estuary (Webster 1991). The tidal range within Great Bay proper in the upper estuary is 2.02.7 m (Short 1992). Salinity can fluctuate daily and seasonally, but in most areas of the estuary
averages approximately 20 ppt. Temperatures vary dramatically throughout the year; surface
water temperatures range from 27° C in the summer months to -2° C in the winter, with frequent
and persistent ice cover in the intertidal zone (Short 1992).
Great Bay Estuary provides habitat to a diversity of flora and fauna, including a rich
infaunal community composed of annelids, nemerteans, crustaceans, and bivalves. The infaunal
community supports epifaunal predators including the American horseshoe crab Limulus
polyphemus, the invasive European green crab Carcinus maenas, and a variety of fishes (e.g.
American eel Anguilla rostrata, summer flounder Paralichthys dentatus) and birds.

Study Organisms:
Trematode parasite, Zoogonus rubellus:
At each stage of its complex life cycle, Z. rubellus, interacts intimately with its host
(Figure 1). The first larval stage is the free-living miracidium which has limited swimming
capabilities to find the first intermediate host, Eastern mudsnail Ilyanassa obsoleta. Upon contact
with I. obsoleta, the miracidium penetrates the snail host and migrates to the digestive or
reproductive glands and develops into the next larval stage, the sporocyst. Within the first
intermediate host, Z. rubellus sporocysts asexually reproduce to form a large mass within the
digestive and reproductive glands. The sporocysts of Z. rubellus release a compound which
inhibits gametogenesis and results in castration of the host (Cheng et al. 1973). The cercariae of
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Z. rubellus (the free-living larvae) are tailless and shed in the mucus trail of the snail host. The
cercariae move along the benthos in an inch worm-like fashion until they are drawn into the
burrow of the second intermediate host, a nereid worm. Once in contact with the worm host, the
cercaria will attach to the worm, bore through the tissues, metamorphose into metacercariae, and
encyst. Within the ragworm, Alitta virens, metacercariae of Z. rubellus are found in two areas of
high blood flow, along the major central vein and within the parapodia (Shaw 1933, McCurdy
and Moran 2004). The metacercariae continue to develop within the cyst until their host is
consumed by their definitive host, a fish. Likely hosts include American eel Anguilla rostrata,
toadfish Opanus tau, tautog Tautoga onitis, summer flounder Paralichthys dentatus, and smooth
flounder Liopsetta putnami (Stunkard 1938, Burn 1980). Only A. rostrata and L. putnami have
been wild caught with mature Z. rubellus, but O. tau have been successfully infected in
laboratory settings and found to develop gravid Z. rubellus (Stunkard 1938, Burn 1980). The
metacercariae excyst and migrate into the intestines of their fish host to metamorphose and
sexually mature. Adults are hermaphroditic. Adults will produce miracidium, which exit the
definitive host in feces and are capable of ciliary swimming to find and infect the first
intermediate host, I. obsoleta.

First intermediate host, Ilyanassa obsoleta:
The eastern mudsnail, Ilyanassa obsoleta, is the dominant grazer and gastropod on
estuarine tidal mudflats along the eastern coast of the US, where they form dense aggregations
during the summer months of up to thousands per square meter (Brown 1969, Curtis and Hurd
1981, Altman 2010). Given the high densities reached, I. obsoleta also have substantial impacts
on the algal and infaunal communities of the mudflats (Nichols and Robertson 1979, DeWitt and
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Levinton 1985, Hunt et al. 1987, Kelaher et al. 2003, Coffin et al. 2012). I. obsoleta are
omnivorous consuming detritus and carrion (Wetzel 1976, Curtis 2002). Early studies of I.
obsoleta estimated a lifespan of 7 years. However, a long term track and recapture growth study
estimated a lifespan of 30-40 (Curtis 1995). Trematode infections in I. obsoleta result in
castration (Cheng et al. 1973, Curtis 1997), alter the movement patterns of the host (Curtis 1990,
Liebman 1991, Rossiter and Sukhdeo 2012), and are estimated to persist for at least 6 years
(Curtis and Hurd 1983, Curtis 2003).
Across its native range, I. obsoleta has been documented to host nine different species of
trematode. Eight of these trematodes have been found among I. obsoleta populations in the North
Atlantic, including within Great Bay Estuary (Table 1; Altman, 2010).

Table 1: Trematode species that use I. obsoleta as first intermediate host in the North Atlantic
and previously identified groups for second intermediate and definitive hosts.
References: Curtis, 2007; McDermott, 1951; Stunkard, 1983; Yamaguti, 1975
Trematode species

Second intermediate host

Definitive host

Austrobilharzia variglandis None

Bird

Diplostomum nassa

Fish

Unknown – likely a bird

Gynaecotyla adunca

Crustaceans

Bird

Himasthla quissetensis

Bivalves

Bird

Lepocreadium setiferoides

Polychaete worms

Fish

Stephanostomum dentatum

Fish

Fish

Stephanostomum tenue

Fish

Fish

Zoogonus rubellus

Polychaete worm

Fish
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Second intermediate host(s), nereid worms:
Nereid worms, commonly referred to as clamworms or ragworms, are some of the most
common and abundant fauna in soft sediment communities. Within the estuaries of the eastern
US and much of Europe, three species are particularly widespread: Neanthes succinea, Hediste
diversicolor, and Alitta virens. These three species display overlapping distributions ranging
from sand flats along the open coast to tidal mudflats of upper estuaries. All three of these
polychaete worms are soft bodied, with numerous parapodia (swimming appendages) and large
jaws used for burrowing and food consumption; they are infaunal organisms, forming semipermanent, U-shaped, mucous-lined burrows. They are omnivorous, consuming detritus, carrion,
and live prey. Nereid worms serve as both predator of infauna and prey to epifauna (such as
birds, fish, and crabs), making them an important organism in soft-sediment communities
(Commito 1982, Ambrose 1984, Ambrose Jr 1984, Commito and Shrader 1985, Rönn et al.
1988, Tita et al. 2000, Rosa et al. 2008, Urban-Malinga et al. 2014). In addition to these common
characteristics, each of these three worms displays both morphological and behavioral
differences.
Neanthes succinea is an intertidal estuarine polychaete worm, native to the eastern US
and Europe. N. succinea has been described as a deposit feeder, predator, and omnivore in
different regions within its native and introduced ranges (Teal 1962, Cammen 1980, Fong 1987).
Despite the various reports of the diet of N. succinea, it is generally considered to be
omnivorous, with a large proportion of its diet consisting of organic matter obtained from surface
sediment (Fauchald and Jumars 1979, Pardo and Dauer 2003). The distribution of N. succinea
within estuaries is restricted by a preference for silty sediment habitats and physiological limits
with respect to salinity and temperature (Kristensen 1988). Stenohaline N. succinea is
9

physiologically adapted to salinities above 15 ppt and temperatures of 20 – 35° C (Kristensen
1983, Dykens and Mangum 1984). N. succinea is the smallest of the three dominant nereid
worms found in the Great Bay Estuary, with a maximum length of up 190 mm (Pettibone 1963).
These worms are short-lived, maturing after one year, swarm spawning outside of their burrows
in the spring and summer, and dying thereafter (Pettibone 1963, Hardege et al. 1990).
Hediste diversicolor, though common to the eastern US, has recently been suggested to
be a cryptic introduced species from Europe (Einfeldt et al. 2014). Nonetheless, H. diversicolor
is an established and integrated member of soft-sediment communities in the Northwest Atlantic.
H. diversicolor is a generalist omnivore, but also has the ability to form mucus funnels for filter
feeding (Riisgard 1991, Nielsen et al. 1995). Similar to N. succinea, H. diversicolor displays a
preference for silty sediments (Kristensen 1988). However, H. diversicolor is a euryhaline
organism, displaying a tolerance for a broad range of salinities, from nearly fresh water to nearly
200% full strength seawater (Oglesby 1969, Scaps 2002) and optimally adapted to temperatures
of 5 – 16° C (Kristensen 1983). The adaptation of H. diversicolor to a broad range of
temperatures and salinities creates a large idealized niche, which is limited, at least in part, by
agonistic competitive interactions with N. succinea and A. virens. H. diversicolor can reach a
slightly larger size than N. succinea, reaching maximum lengths of 200 mm (Pettibone 1963),
but populations sympatric with N. succinea are on average smaller in mass than N. succinea
(Kristensen 1988). H. diversicolor is estimated to live 2-3 years, maturing after 1-2 years, after
which females spawn in their burrows and brood their young for approximately 14 days before
dying (Olive and Garwood 1981, Bartels-Hardege and Zeeck 1990, Scaps 2002). Spawning
occurs in the late spring and early summer (Kristensen 1984).
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Alitta virens is the largest of the nereid worms with a length of up to 900 mm, reaching
200 mm in one year (Pettibone 1963). As are N. succinea and H. diversicolor, A. virens is
omnivorous; however, a large portion of its diet is also composed of animal material and it has
been observed to be a voracious predator, actively feeding both from its burrow and while
swimming at the water’s surface (Pettibone 1963). A. virens is the only one of these three species
to be found inhabiting open coastal soft-sediment habitats as well as estuarine tidal flats. A.
virens displays a preference for low organic matter and sandy sediments (Kristensen 1988),
salinity tolerances similar to N. succinea (above 15 ppt), and an optimal temperature range of 11
– 20° C (Kristensen 1983). Estimates of A. virens’ lifespan range from 2 years (Brafield and
Chapman 1967) to up to 15 years (Snow and Marsden 1974), the likely age being somewhere in
between. As with N. succinea, sexually mature A. virens swim out of their burrows and mass
spawn in the water column before dying. These mass spawning events occur in April and May
(Creaser and Clifford 1982, Kristensen 1984, Lewis et al. 2002) and result in a large biomass of
easily accessible prey for fish and bird predators.
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CHAPTER 1 : SPATIAL AND TEMPORAL DISTRIBUTION OF ZOOGONUS RUBELLUS
IN FIRST AND SECOND INTERMEDIATE HOSTS IN GREAT BAY ESTUARY

Introduction:
Trematodes have inherently spatially patchy distributions. Most trematodes are dependent
upon several host species to complete their life cycle. Therefore, trematodes’ distributions are
necessarily dependent upon not only distribution patterns of their hosts, but also where their
hosts’ distributions overlap (Combes 2005). To assess the ecological role of a parasite, it is first
important to understand the distribution patterns of the parasite and its host(s).
Zoogonus rubellus is one of the most common trematode parasites among the eight
different trematode species utilizing the Eastern mudsnail, Ilyanassa obsoleta, as its first
intermediate host (Altman 2010; Rossiter and Sukhdeo 2012). Despite the common occurence of
Z. rubellus, no extensive surveys have been conducted on the infection patterns among second
intermediate hosts. The only reported survey of metacercariae infection was a survey of Alitta
virens from a single site where infection prevalence was 51% with an average infection intensity
of 115 metacercariae per worm < 1 g wet mass and up to 1000 metacercariae in worms >1 g wet
mass (McCurdy and Moran 2004), which suggests that the prevalence of the Z. rubellus
metacercariae is potentially high throughout its range. It would also be expected that the spatial
distribution within second intermediate hosts would mirror that of the infected first intermediate
hosts, however such spatial patterns have not been investigated to date.
Organisms vary not only spatially, but also temporally depending on a variety of biotic
and abiotic factors. Parasite populations are particularly susceptible to temporal variations in
their host populations (Byers et al. 2014; Levakin et al. 2013). Zoogonus rubellus prevalence is
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likely to vary both annually and seasonally due to migrations of its host. Variable seasonal
abundance of the definitive hosts of Z. rubellus, American eel Anguilla rostrata (Wenner and
Musick 1975), toadfish Opanus tau, tautog Tautoga onitis, summer flounder Paralichthys
dentatus, and smooth flounder Liopsetta putnami (Bigelow et al. 1953) affects the infection
exposure period of the first intermediate host I. obsoleta. In addition, I. obsoleta seasonally
migrates subtidal to avoid the freezing of the intertidal habitats during winter (Batchelder 1915,
Sindermann 1960). Colder winters or a longer duration of ice cover on the intertidal flats may
delay the upward migration of I. obsoleta. Storm events could increase mortality among host
populations. Extreme heat may disproportionately decrease the survival of infected I. obsoleta as
compared to uninfected individuals (Vernberg et al. 1969). These factors likely affect the
prevalence of cercariae in the water column and the benthos, and therefore the exposure risk of
second intermediate hosts to infection.
Temporal infection patterns are a function of not only the presence of infected hosts, but
also the shedding patterns of the parasite. Several studies have demonstrated that cercarial
shedding from first intermediate hosts is dependent on a variety of abiotic factors such as
temperature, photoperiod, and aerial exposure (Craig 1975, Curtis 1993, Studer and Poulin
2013b). For many species, including Zoogonus rubellus, cercarial shedding is induced by warm
temperatures typical of the summer and early fall (Miller and Northup 1926, McDaniel and
Coggins 1972). Estuarine habitats, such as those in which Z. rubellus and its hosts inhabit are
subject to substantial daily, seasonal, and yearly fluctuations in environmental conditions,
particularly temperature, salinity, and aerial exposure. Such environmental variability likely
affects cercarial shedding patterns and cercariae prevalence on the benthos and would
transitively affect temporal patterns of infection among second intermediate hosts.
13

Great Bay Estuary, New Hampshire is a complex estuary with multiple tributaries and
bays, and large and small mudflats and tidal creeks. Some parts of the estuary are subject to
substantial human disturbance, while other areas are relatively undisturbed. The Eastern
mudsnail, I. obsoleta is a prominent member of the ecological communities throughout Great
Bay Estuary. Previous surveys have documented Z. rubellus as one of the most common
trematodes infecting I. obsoleta (Altman 2010). No surveys have been conducted on potential
second intermediate hosts of Z. rubellus. In other regions, the nereid worm A. virens has been
documented to naturally host Z. rubellus metacercariae (Shaw 1933, McCurdy and Moran 2004).
Previous studies have suggested other polychaetes may also host Z. rubellus, but none have been
confirmed. Within Great Bay Estuary, there are three sympatric nereid worm species, Neanthes
succinea, Hediste diversicolor, and Alitta virens, which are potential second intermediate hosts
of Z. rubellus.
The goal of this study was to determine (1) and identify which nereid worm species in
Great Bay Estuary also serve as hosts to Z. rubellus, (2) the spatial distribution of Z. rubellus
among intermediate hosts within Great Bay Estuary, (3) the annual and seasonal variation in the
infection prevalence and intensity of Z. rubellus among intermediate hosts, and (4) to explore
correlations between demographic characteristics of host populations and infection patterns of
the first or second intermediate hosts.

Methods:
Sampling sites:
Preliminary surveys were conducted around Great Bay Estuary to identify sites for survey
sampling (Figure 1.1). Six sites were chosen which met the following criteria: (1) unvegetated
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mudflat, (2) bordered by salt marsh habitat, (3) inhabited by Ilyanassa obsoleta and (4) nereid
worms. The sites were selected to represent both spatial and environmental variation which is
found within the estuary system. The selected sites include areas that could be classified as
relatively pristine or degraded, open mud flat or tidal creek, near the coast or upper estuary.

Figure 1.1: Survey sites within Great Bay Estuary: Jackson’s Landing (A), Adam’s Point (B),
Bellamy Preserve (C), Scammel Bridge (D), Urban Forestry Center (E), BG’s boathouse (F).
Jackson’s Landing (site A) is located along the Oyster River in the upper estuary. This is
an open mud flat bordered by fringing salt marsh. The mud flat is relatively narrow, with
approximately 50m of flat exposed during the low tide. Adam’s Point (site B) is located at the
border between Great Bay and Little Bay. This site is characterized by an expansive mud flat
exposed at low tide, and bordered by a fringing salt marsh, riprap and a road on one side, and a
deep channel on the other. Being within the Great Bay National Estuarine Research Reserve,
only research and recreational activities are permitted. This site is the largest open mudflat
sampled. Bellamy Preserve (site C) is part of a 400-acre wildlife sanctuary along the Bellamy
River. This site is relatively pristine, with tidal creeks bordered by fringing marsh and woods.
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The Scammel Bridge (site D) is a broad mud flat bordered by salt marsh, riprap supporting the
bridge, and a deep channel. Due to its proximity to the road this site is impacted by human
activity in the form of fishing, storm water runoff, and trash. The Urban Forestry Center (site E)
is an expansive and relatively pristine salt marsh and mudflat habitat. This site has the largest
surrounding salt marsh and broad tidal creeks. BG’s Boathouse (site F) is a small mudflat
surrounded by fringing marsh, a deep channel, and neighboring a marina and boathouse.
Recreational vessels do not enter the mudflat area but are used in close proximity.

1a. Distribution of Zoogonus rubellus in Great Bay Estuary
To determine the prevalence and intensity of infection by Zoogonus rubellus in
intermediate hosts, a series of field surveys were conducted. The six survey sites were surveyed
yearly in June. Previous studies on the demographics of Ilyanassa obsoleta, Hediste diversicolor,
Neanthes succinea, and Alitta virens have shown that density and size vary on a gradient from
low to high intertidal habitats (Curtis 2007; Kristensen 1988). Thus, three 30-meter transect lines
were placed on the mudflat, perpendicular to the main channel (extending from high intertidal
zone towards the low intertidal zone) and within thirty meters of the shoreline. Transect lines
were laid out end to end to survey a range of tidal heights. The exception is Jackson’s Landing
(site A) where parallel transects were laid out because the mudflat is a narrow band
(approximately 50m) between the salt marsh and the channel. The horizontal location within
these parameters was haphazardly chosen. A 0.25 m2 quadrat was then placed at five meter
intervals along the same side of the transect line for a total of six quadrats per transect line. All
snails within the quadrat were collected. All worms were collected within 170 mm depth (found
in preliminary surveys to be beyond the depth at which most worms are found in this estuary
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system). At sites where snail density was low, a fourth transect line was surveyed to collect
additional snails up to a minimum of 100 individuals. If less than 100 snails were collected by
these methods, additional snails were collected haphazardly to reach a total of 100 individuals.
To confirm the infection prevalence among I. obsoleta, all collected snails with a shell
length greater than 12 mm (a minimum of 100 individuals) were dissected. Infection prevalence
is calculated as the proportion of the population that is infected. Infection prevalence in I.
obsoleta and other gastropod hosts has been shown to be correlated with size (Curtis 2007,
Altman 2010); I. obsoleta with a shell length below 18 mm are less likely to be infected (Curtis
and Hurd 1983, Curtis 2009, Altman 2010). Within the Great Bay Estuary system, preliminary
surveys found no snails with a shell length below 12 mm to be infected with any trematode
species. Shell morphometrics (shell length, aperture width, and aperture lip thickness), and sex
were determined for each individual.
Each snail was dissected to confirm the presence and species identity of any trematode
within the reproductive gland of the snail host. Ilyanassa obsoleta has been documented to host
eight different trematode species across its native range. Trematode species identity was
confirmed by compound microscope using descriptions from (Shaw 1933, McDermott 1951,
Yamaguti 1975, Stunkard 1983). Prevalence was calculated for all trematode species found in
the I. obsoleta population in Great Bay Estuary.
To determine the infection prevalence and intensity among the second intermediate
nereid worm hosts, the species identity and weight mass of each worm was determined. Each
worm was then dissected and surveyed for trematode metacercariae under a compound
microscope. The total number and species of metacercariae were recorded; older metacercariae,
identified by amber to dark brown cysts, (dead or isolated by the host’s immune response) were
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also counted. Old cysts of unknown viability, defined as being completely opaque and a dark
amber to black color, were also counted. Metacercariae within old cysts are likely dead based on
similar descriptions of other trematode species which confirmed the metacercariae were dead
(Martin and Conn 1990, Morley et al. 2004, Phelan et al. 2016). The species that formed the old
cyst could not be visually identified.
To assess within host distribution of Z. rubellus metacercariae, an aggregation curve (or
Lorenz curve) was plotted following Poulin (1993) and McVinish and Lester (2020). Lorenz
curves can be used to graphically assess the relative aggregation patterns within populations and
compared to hypothetical aggregation distributions (such as a uniform distribution). A Lorenz
curve plots the proportion of the parasite population contained within a given proportion of the
host population. Lorenz curves were generated for each nereid species at each site. Worms were
sorted by infected intensity (low to high) and then ranked. The cumulative number of parasites
and the cumulative number of worms were calculated. From these values, the proportion of the
worm population was calculated and the corresponding proportion of total metacercariae
population that was contained within those worms was calculated. These values were then
plotted and compared to a 1:1 ratio line, representing a uniform distribution. A population was
considered more aggregated if a higher proportion of the parasite population was in a smaller
proportion of the host population. Graphically, this means the further the Lorenz curve was from
the uniform distribution line, the more aggregated the parasite population was within the host
population.
An index of aggregation, the Hoover index, was also calculated for each group which
allows for numerical comparisons between groups (McVinish and Lester 2020). The Hoover
index is calculated as:
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where n is the number of hosts and x is the infection intensity. The Hoover index ranges from 0,
1

when all hosts have the same infection intensity (a uniform distribution) to (1- 𝑛) (approaches 1
as sample size increases) when all parasites are found in a single individual (the most extreme
example of aggregation).

1b. Seasonal patterns of infection
To determine if the prevalence and intensity of infection by Zoogonus rubellus in
intermediate hosts changes seasonally, a series of field surveys was conducted. Three sites,
Jackson’s Landing (site A), Adam’s Point (site B), and Scammel Bridge (site D), were surveyed
in early May, shortly after Ilyanassa obsoleta returned to the intertidal zone, but when water
temperatures were still low and in late October before I. obsoleta had migrated to the subtidal.
This subset of sites was chosen because a relatively high density of nereid worms and high
prevalence of infection among nereid worm hosts was observed in the initial yearly surveys
(Sites E and F were excluded due to low infection prevalence). Very low numbers of worms
were observed at site B in May and it was therefore not surveyed in October. Between sites A
and D all three nereid worm hosts could be obtained for sampling. Sites were surveyed within
one week to minimize temporal variation between sites within a single sampling time point. A
30-meter transect line was placed on the mudflat, perpendicular to the main channel and within
thirty meters of the shoreline. The horizontal location within these parameters was haphazard. A
0.25 m2 quadrat was then placed at five meter intervals along the same side of the transect line
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for a total of seven quadrats at each site. All snails and worms were collected within the quadrat
following the same methods as described for the yearly survey above (1a).

Statistical Analyses
All statistical analyses were conducted in JMP 15. Analyses of I. obsoleta populations
were conducted with all snails and excluding snails with a shell length less than 12 mm because
preliminary surveys for this study indicated that these snails were unlikely to be infected.
Comparing these two analyses allows for an understanding of the whole population and the
influence of recruitment on demographic patterns. To assess population demographics, density
and shell morphology were compared. To assess snail density, ANOVAs were conducted with
year, site, and the interaction between year and site as independent factors and snail density as
the dependent factor. This analysis was completed for total snail population, uninfected snails,
infected snails (cumulative), and for each parasite species.
To assess potential impacts of parasitism on I. obsoleta, shell morphology characteristics
of parasitized and unparasitized snails were compared. To determine if parasitism affected shell
morphology, a series of analyses was conducted on shell length, aperture width, and aperture
thickness. ANOVAs were conducted with year, site, infection status (Y/N), and the interaction
term of site and infection status as independent factors. To assess the impact of different parasite
species, shell length and aperture thickness were compared between snails infected with each
parasite species (Austrobilharzia variglandis and Gynaecotyla adunca were excluded due to low
observations) and uninfected snails. ANOVAs were conducted with year and site as blocking
factors and parasite species as an independent factor. To determine if parasitic infection affected
shell growth patterns, a regression analysis was conducted with shell length as the independent
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factor and aperture thickness as the dependent factor. A regression was conducted for uninfected
snails, all infected snails combined, and each parasite species.
Two approaches were used to assess parasite infection among I. obsoleta. Infection
prevalence (proportion of the population that hosts at least one parasite species) was calculated
for each site for each year. To compare infection prevalence of each parasite species among
snails from different sites, ANOVAs were conducted for each parasite species independently
with year included as a blocking factor. To compare the infection prevalence of different parasite
species within sites, ANOVAs were conducted for each study site independently with year
included as a blocking. Due to low sample size (n=3), differences between years and
species/sites could not be statistically analyzed. Density of parasitized snails (by parasite species)
was also calculated, with quadrat as the sample unit. Parasite density was compared between
years, and between and within sites as described above.
To compare the demographic characteristics of nereid worms, density and mass of each
worm species were compared. To compare the density of nereid worms an ANOVA was
conducted with quadrat as the sample unit, year, site, nereid species, and the interaction term of
site and species were included as independent factors. To determine spatial patterns for each
nereid species, independent ANOVAs were conducted for the density of each species with year,
site, and the interaction between year and site as independent factors. To compare the size of
worms, the above analyses were repeated with worm mass as the dependent factor.
To assess parasitic infection within nereid worm hosts, infection prevalence (proportion
of the population that hosts at least one metacercaria) and infection intensity (number of
metacercariae within a given host individual) were calculated for each parasite species and host
species. For infection prevalence, the sample unit was each site/year. To compare infection
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prevalence patterns of each parasite species, ANOVAs were conducted for each parasite species
independently, with year as a blocking factor and site and nereid host species as independent
factors. To compare infection prevalence of Z. rubellus and old cysts within a given host species
ANOVAs were conducted for each host species independently, with year as a blocking factor
and site as an independent factor. Within host prevalence of Himasthla sp. and Lepocreadium
setiferoides could not be statistically analyzed because there are only two years of observations
(n=2 per site). To compare infection intensity patterns, the same analyses were conducted as
described above except year was included as an independent factor. For these analyses, the worm
was the sample unit. To compare infection intensity of different parasite species within each
nereid host species, ANOVAs were conducted for each host species independently with year and
site as blocking factors and parasite species as an independent factor.
To determine factors that drive the observed parasitic infection patterns a series of
analyses was conducted. To determine if site characteristics affected demographic or infection
patterns, ANOVAs were conducted with year as a blocking factor. Regression analyses were
conducted to compare (1) nereid host size and infection intensity, (2) nereid host density and
mean infection intensity, (3) nereid host density and host size, (4) snail density and nereid size,
(5) snail density and nereid density, (6) snail density and nereid infection intensity, (7) snail
infection prevalence and nereid host infection intensity, (8) snail infection prevalence and nereid
host infection prevalence, (9) density of infected snails and nereid host infection intensity, and
(10) density of infected snails and nereid host infection prevalence. For each of these analyses,
each nereid host and parasite species were independently analyzed.
To determine if parasitic infection of nereid worm hosts increased across the summer
season, each nereid host species was independently analyzed. Sites for which there were fewer
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than 5 individuals observed at both time points were excluded from analysis. As a result, only
one site was analyzed for each nereid host species. Infection intensity was calculated and
compared with ANOVAs with mass included as a blocking factor since mass can vary with
infection and across time, and month was included an independent factor.

Results:
Sites in Great Bay Estuary were surveyed in the summers of 2012, 2013, and 2014. In
2012, several sites were investigated as potential survey sites including Hilton Park, Pomeroy
Cove, opposite Shapleigh Island, salt marsh pannes opposite the drowned forest at Odiorne State
Park, and a large tidal creek at Odiorne State Park. Each of these sites failed to fit the criteria as
outlined in the methods. Sampling in 2012 was haphazard, and therefore no information is
available regarding the density of organisms, and comparisons between 2012 and 2013/2014
surveys must consider these sampling differences. For most metrics there were minimal
differences in the patterns observed in 2012 as compared to 2013 and 2014; for those metrics that
did differ there was no evidence that 2012 was consistently distinct from both 2013 and 2014 in
such a way as to suggest sampling technique significantly skewed observations. Thus, for some
analyses in which year was not a focal factor, all three years were combined, with year included
as a blocking factor to account for variation between years.

Ilyanassa obsoleta – distribution
Ilyanassa obsoleta were found at all six sites during each of the survey years. Snail
demographics varied between years and sites (Table 1.1). Snail density was significantly higher
at site A in 2013 than at all other sites/years (Figure 1.2; F=12.19, pwhole model < 0.0001, pyear =
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0.0325, psite <0.0001, pyear*site < 0.0001). This was driven by a high density of small snails at site
A in 2013, indicative of a recruitment event. When snails with a shell length less than 12 mm are
excluded, there was no effect of year on snail density (F = 9.72, df = 11, pwhole model < 0.0001,
pyear = 0.6595, psite < 0.0001, pyear*site = 0.7507). The sites can be separated into 3 groups
according to similarities in snail population demographics: (1) site A; (2) sites B, C, and D; (3)
sites E and F. The density of I. obsoleta was highest at site A and lowest at sites E and F (Figure
1.2). The snails at these sites were also significantly different in their shell length; site A was
dominated by small snails (shell length <12mm) and sites E and F were dominated by large
snails (shell length >20mm) (Figure 1.3). Sites B, C, and D had similar snail densities (Figure
1.2) and population structure (Figure 1.3). Snail density at site C was nearly two-fold higher in
2014 than 2013 (Table 1.1) and mean shell length at site C was lower in 2014 as compared to
both 2012 and 2013 (Figure 1.3), suggesting there was a recruitment event in 2014.

Ilyanassa obsoleta – shell morphology
Shell morphology characteristics were correlated for all years across all sites. Aperture
thickness generally trended positively with shell length, but was highly variable. Aperture
damage, thinning, and fouling were all commonly observed across the study, but varied between
sites (personal observation). Snail size did not vary consistently with vertical distribution or any
of the site characteristics. Shell length of the total population of I. obsoleta was significantly
affected by year and site (Figure 1.3Error! Reference source not found.; F = 781.7, df = 17, p
whole model

< 0.0001, pyear < 0.0001, psite < 0.0001, pyear*site < 0.0001). Snails’ shell lengths were

significantly different in each year of the survey: 17.4 ± 0.11 mm in 2012, 10.71 ± 0.09 in 2013,
and 13.2 ± 0.12 in 2014. Snails at sites E and F were larger than all other snails and snails at site
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A were smallest. The interannual variation was site specific. For site B, snails were smaller in
2013 than other years; for site C, snails were smaller in 2014 than other years; for site A, snails
were different each year with snails from 2012 being largest and snails from 2013 being the
smallest (Figure 1.3). These yearly within site variations are consistent with observed changes in
snail density (Table 1.1).
Among snails with a shell length greater than 12mm, shell length differed between sites
and by infection status, but did not differ between years (Figure 1.4; F = 250.66, df = 13, pwhole
model

<0.0001, pyear = 0.6892, psite < 0.0001, pinfection status < 0.0001, psite*infection < 0.0001).

Differences between sites were similar to that observed among the total population, except at site
A where the mean snail size was similar to that observed at sites B and C. Infected snails were
larger than uninfected snails at all sites, regardless of parasite species (Figure 1.4). Snails from
sites E and F were larger than snails from all other sites, regardless of infection status. For snails
with a shell length greater than 18 mm (used as a minimum size for I. obsoleta trematode studies
by Altman (2010)), the same pattern of infected snails being larger than uninfected snails was
observed. At sites A and D all snails with shell length 18 mm or greater were infected.
Parasite species also affected snail shell length (F = 262.2, df = 12, pwhole model < 0.0001,
pyear = 0.4282, psite < 0.0001, pparasite < 0.0001). Snails infected with Z. rubellus and S. dentatum
were larger than L. setiferoides infected snails and S. tenue infected snails (A. variglandis and G.
adunca were not analyzed due to low observations). This pattern was consistent across all sites.
Snail sex did not explain observed differences in shell morphology; sex specific differences were
consistent between infected and uninfected snails.
Shell aperture thickness was also impacted by infection status (Figure 1.5). Shell aperture
thickness was significantly different between uninfected and infected snails (ANCOVA: F =
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201.9, df = 3, pwhole model < 0.0001, pshell length < 0.0001, pinfection status = 0.0009, pshell length*infection status
< 0.0001). Uninfected snails showed a strong positive correlation between shell length and shell
aperture thickness, with shell length explaining 39.7% of the variation in shell aperture thickness
(y = -0.095 + 0.026x, R2 = 0.397, p <0.0001). In contrast, aperture thickness of infected snails
was weakly correlated with shell length, with shell length explaining only 6.1% of the variation
in shell aperture thickness (y = 0.158 + 0.01x, R2 = 0.061, p <0.0001). This pattern was
consistent for all parasite species observed (A. variglandis and G. adunca were not analyzed due
to low observations) and not affected by snail sex. This pattern of larger variation of shell
aperture to shell length was consistent across all sites except sites B and D where shell aperture
thickness was poorly correlated with shell length. At both sites shell damage was very common
(personal observation) and infection prevalence high (Figure 1.6).

Ilyanassa obsoleta – trematode infections: summary
Seven different species of trematodes were observed infecting I. obsoleta:
Austrobilharzia variglandis, Gynaecotyla adunca, Himasthla quissetensis, Lepocreadium
setiferoides, Stephanostomum dentatum, Stephanostomum tenue, and Zoogonus rubellus. Most
species were observed at every site. Austrobilharzia variglandis was only rarely observed and
was never observed at sites A, C, or F; Gynaecotyla adunca was rarely observed and never
observed at site F (Table 1.2). Two species of trematodes, Z. rubellus and S. tenue, were most
common each year and had a significantly higher prevalence than all other species (F = 7.7, df =
13, pwhole model <0.0001, pyear = 0.9987, psite < 0.0001, pparasite sp < 0.0001).
Cumulative trematode infection prevalence among I. obsoleta (with shell length greater
than 12mm) in Great Bay Estuary was over 50% and within 6 percentage points across all three
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survey years: 54% in 2012, 51% in 2013, and 57% in 2014. However, prevalence varied
significantly between sites (Figure 1.6; F = 3.6, df = 7, pwhole model = 0.0327, pyear = 0.8959, psite =
0.0146). Three sites (B, C, and D) had high infection, typically over 50% and as high as 97%. At
the other three sites, infection prevalence was typically below 30% (Table 1.2). Infection
prevalence was significantly higher at sites B and D than at site F (Figure 1.6). Low infection
prevalence at site A was driven primarily by the high density of small snails (shell length <
12mm), of which none were found to be infected (Table 1.2). When snails with a shell length
less than 12 mm were excluded, infection prevalence doubled at site A (Figure 1.6). Total
trematode infection prevalence was not correlated with snail density. There was no difference in
the infection prevalence among male and female snails (pwhole model < 0.0001, psex = 0.245).
Trematode parasite population composition was different for each site (Figure 1.7; Table
1.3), but some patterns were observed. Sites A, E, and F had low occurrence of all species. Sites
B, C, and D had high occurrence of Z. rubellus and S. tenue. Similar to the prevalence patterns,
the density distribution of infected snails varied across sites and by trematode species. The
cumulative density of infected snails did not differ between years, but was significantly higher at
sites B, C, and D than at sites A, E, and F (Figure 1.2; F=9.13, df = 11, pwhole model < 0.0001, pyear
= 0.3318, psite < 0.0001, pyear*site = 0.4127). Across the study, the densities of Z. rubellus infected
snails and S. tenue infected snails were significantly higher than all other trematode species (F =
30.08, df = 12, pwhole model < 0.0001, pyear = 0.3379, psite < 0.0001, pparasite <0.0001).

Ilyanassa obsoleta – Zoogonus rubellus distribution
The density of Z. rubellus infected snails was significantly different between sites; the
density was highest at site C and lowest and sites E and F (Figure 1.8), but there was no
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difference between years (Table 1.4). Prevalence of Z. rubellus was higher at sites B, C, and D
than sites A, E, and F (Figure 1.6). However, this was not statistically significant due to the high
interannual variation within sites (F = 2.6, df = 7, pwhole model = 0.0808, pyear = 0.6040, psite =
0.0447).

Ilyanassa obsoleta – Other trematodes distribution
Snail densities revealed parasite specific differences between sites (Figure 1.8; Table
1.4). For most species there was no interannual variation in density. Interannual variation was
observed in G. adunca and H. quissetensis. Gynaecotyla adunca infected snail density was
significantly higher at site B than all other sites, driven by a significantly higher density at site B
in 2013 than at all other sites/years (Table 1.4). Among H. quissetensis infected snails, there was
a significant interaction effect between year and site on density. Density of H. quissetensis
infected snails trended higher in 2014 than 2013 at all sites except site C. However, there was no
statistical difference between years within sites.
Similar spatial distribution patterns were observed in infection prevalence data. For any
given parasite species, sites with low infected snail density tended to have low infection
prevalence (Figure 1.7). However, for most of the trematode species, infection prevalence did
not vary significantly across the surveyed sites in Great Bay Estuary system (Table 1.2). There
was no difference in the prevalence of A. variglandis (p = 0.1050), G. adunca (p = 0.5664), H.
quissetensis (p = 0.4933), or S. dentatum (p = 0.1637) between sites. Two species displayed
significantly different prevalence between sites. Prevalence of L. setiferoides was higher at site D
than sites A, C, E, and F and the prevalence at site B was higher than sites A, E, and F (p =
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0.0012). Prevalence of S. tenue was significantly higher at site D was than at sites A and F, and
the prevalence at site B was higher than at site A (p = 0.0152).
Interannual trematode prevalence was highly variable within sites. For most sites, large
variation between years was driven by increased observation of a single parasite species in one
of the survey years. Infection prevalence was higher at site A in 2012 (30% as compared to 2%
in both 2013 and 2014), which was driven by a high prevalence of G. adunca (Table 1.2). Total
prevalence at site B varied between 66% in 2013 and 80% in 2012 and had substantial
interannual variation in prevalence of each parasite species. At site C, infection prevalence
decreased each year from 89% in 2012 to 21% in 2014. This drop in prevalence was driven by
decreased observation of both S. tenue and Z. rubellus in each successive year. Coincident with
the lower infection prevalence observed at site C in 2014 was a lower mean shell length, which
may be an indication of a recruitment event (Figure 1.3). When snails with a shell length less
than 12 mm were excluded, infection prevalence doubled at site C in 2014 (Table 1.2). At site D,
interannual variation was driven by variation in the prevalence of S. tenue and Z. rubellus. At site
E, infection prevalence was higher in 2014 (76%) than in 2012 and 2013 (24% and 16%
respectively); this was driven by high prevalence of S. tenue in 2014. At site F, only two
trematode species were observed in 2012, but 4 species were observed in both 2013 and 2014
(Table 1.2).
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Table 1.1: Site characteristics and Ilyanassa obsoleta demographics summary

Estuary
Location

Site

Habitat
type

Human
disturbance

Ilyanassa obsoleta demographics
Density:
Density:
Mean
Density:
snails with
Z. rubellus
shell length
all snails
shell length
infected
(mm ± SE)
(per m2)
12mm+
snails
(per m2)
(per m2)

2012
Jackson's Landing
Adam's Point
Bellamy Preserve
Scammel Bridge
Urban Forestry Center
BG's Boathouse

A
B
C
D
E
F

Upper
Upper
Upper
Upper
Lower
Lower

Mudflat
Mudflat
Tidal creek
Mudflat
Tidal creek
Mudflat

High
High
Low
High
Low
High

14.01 ± 0.50
16.00 ± 0.18
16.23 ± 0.19
14.64 ± 0.16
22.95 ± 0.36
23.48 ± 0.47

N/A

Jackson's Landing
Adam's Point
Bellamy Preserve
Scammel Bridge
Urban Forestry Center
BG's Boathouse

A
B
C
D
E
F

Upper
Upper
Upper
Upper
Lower
Lower

Mudflat
Mudflat
Tidal creek
Mudflat
Tidal creek
Mudflat

High
High
Low
High
Low
High

7.80 ± 0.03
14.23 ± 0.43
16.33 ± 0.15
15.57 ± 0.22
20.87 ± 0.31
23.82 ± 0.47

348.8 ± 107.7
31.3 ± 4.8
51.1 ± 16.7
19.5 ± 4.3
4.0 ± 0.9
3.5 ± 1.7

1.5 ± 0.8
23.6 ± 4.1
44.4 ± 14.5
18.6 ± 3.8
3.2 ± 0.7
2.8 ± 1.4

0.3 ± 0.3
1.8 ± 0.6
9.8 ± 3.9
5.9 ± 1.7
0.2 ± 0.2
0

10.97 ± 0.06
16.63 ± 0.21
12.64 ± 0.18
15.59 ± 0.16
23.31 ± 0.91
23.40 ± 0.54

113.3 ± 17.2
29.8 ± 5.1
100.0 ± 14.2
15.0 ± 1.9
0.9 ± 0.4
0.7 ± 0.4

7.1 ± 1.7
27.8 ± 4.9
36.6 ± 8.3
14.4 ± 1.8
0.7 ± 0.3
0.6 ± 0.4

0.7 ± 0.4
6 ± 1.4
8.9 ± 2.7
2.1 ± 0.7
0
0

2014
Jackson's Landing
Adam's Point
Bellamy Preserve
Scammel Bridge
Urban Forestry Center
BG's Boathouse

A
B
C
D
E
F

Upper
Upper
Upper
Upper
Lower
Lower

Mudflat
Mudflat
Tidal creek
Mudflat
Tidal creek
Mudflat

High
High
Low
High
Low
High

30

2013
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Figure 1.2: Density of first intermediate host I. obsoleta at six sites in Great Bay Estuary during summers of 2013 and 2014
combined. (A) Density for snails of all shell lengths. (B) Density for snails with shell length ≥ 12mm. White bars show total
population, black bars show uninfected snails, and gray bars show infected snails. Error bars are standard error. Bars separated
by different letters are significantly different. In figure 2A, the same statistical patterns were observed among all snails (white
bars) and uninfected snails (black bars). In figure 2B, capital letters indicate significant differences among all snails (white
bars); lowercase letters indicate significant differences among uninfected snails (black bars).

Figure 1.3: Mean shell length of I. obsoleta at six sites in Great Bay Estuary in the summers of
2012, 2013, and 2014. Dots represent outliers calculated at points outside 1.5 times the
interquartile range. Box plots not connected by the same letter are significantly different.
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Figure 1.4: Mean shell length (mm) of trematode infected and uninfected I. obsoleta with shell
lengths ≥ 12 mm at each site. White bars are uninfected snails; black bars are infected snails (all
trematode species combined). Error bars are standard error. Bars separated by different letters are
significantly different.
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Figure 1.5: Shell aperture thickness (mm) as a function of shell length (mm) for uninfected and
infected I. obsoleta with shell length ≥ 12 mm across all sites.
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Figure 1.6: Infection prevalence among I. obsoleta at each site across all years. Top figure is
infection prevalence of Z. rubellus. Bottom figure is infection prevalence of all trematode species
combined. Patterned bars show the infection prevalence for the total snail population; solid bar
show the prevalence for snails with a shell length ≥12mm. Errors bars are standard error. Bars
separated by letters are significantly different.
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Table 1.2: Infection prevalence among I. obsoleta with a shell length ≥12mm. The last column “Infected – all snails” is the prevalence for
all surveyed snails of all shell lengths. Trematode species are abbreviated as follows: AV = Austrobilharzia variglandis, GA =
Gynaecotyla adunca, HQ = Himasthla quissetensis, LS = Lepocreadium setiferoides, SD = Stephanostomum dentatum, ST =
Stephanostomum tenue, ZR = Zoogonus rubellus.

AV

GA

HQ

Snails with shell length ≥ 12mm
Multi-species
LS
SD ST
ZR
infections
2012

Not
Infected
infected

Infected:
all snails

Jackson Landing
Adam's Point
Bellamy Preserve
Scammel Bridge
Urban Forestry Center
BG's Boathouse

A
B
C
D
E
F

0.00
0.01
0.00
0.03
0.02
0.00

0.27
0.05
0.02
0.00
0.00
0.00

0.12
0.08
0.02
0.02
0.10
0.00

0.02
0.09
0.09
0.13
0.01
0.02

0.02 0.17
0.02 0.31
0.07 0.28
0.07 0.21
0.01 0.09
0.00 0.02
2013

0.10
0.29
0.45
0.23
0.01
0.00

0.12
0.06
0.03
0.03
0.00
0.00

0.41
0.20
0.08
0.33
0.76
0.97

0.59
0.80
0.92
0.67
0.24
0.03

0.30
0.80
0.89
0.65
0.24
0.05

Jackson Landing
Adam's Point
Bellamy Preserve
Scammel Bridge
Urban Forestry Center
BG's Boathouse

A
B
C
D
E
F

0.00
0.01
0.00
0.02
0.02
0.00

0.00
0.15
0.00
0.03
0.00
0.00

0.17
0.01
0.09
0.06
0.04
0.06

0.17
0.17
0.01
0.11
0.02
0.02

0.17 0.00
0.11 0.35
0.08 0.21
0.06 0.37
0.06 0.02
0.02 0.08
2014

0.17
0.07
0.19
0.34
0.01
0.00

0.17
0.04
0.00
0.05
0.00
0.00

0.67
0.15
0.41
0.08
0.83
0.83

0.33
0.85
0.59
0.92
0.17
0.17

0.02
0.66
0.58
0.89
0.16
0.17

Jackson Landing
Adam's Point
Bellamy Preserve
Scammel Bridge
Urban Forestry Center
BG's Boathouse

A
B
C
D
E
F

0.03
0.02
0.00
0.00
0.00
0.00

0.03
0.04
0.00
0.05
0.04
0.00

0.00
0.10
0.05
0.12
0.18
0.06

0.00
0.07
0.01
0.12
0.00
0.03

0.03
0.14
0.05
0.14
0.21
0.00

0.08
0.21
0.19
0.14
0.14
0.03

0.00
0.02
0.00
0.01
0.00
0.00

0.80
0.19
0.56
0.03
0.21
0.81

0.20
0.81
0.44
0.97
0.79
0.19

0.02
0.78
0.21
0.94
0.76
0.18

0.05
0.26
0.15
0.42
0.21
0.06
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Site

Figure 1.7: Infection prevalence of trematode species in I. obsoleta with a shell length greater
than 12 mm at each site. Trematode species are abbreviated as follows: AV = Austrobilharzia
variglandis, GA = Gynaecotyla adunca, HQ = Himasthla quissetensis, LS = Lepocreadium
setiferoides, SD = Stephanostomum dentatum, ST = Stephanostomum tenue, ZR = Zoogonus
rubellus. Error bars are standard error. Within each site, bars separated by different letters are
significantly different. There were no significant differences at sites A and E. See Table 1.3 for
statistical results.

Table 1.3: ANOVA results of comparison of trematode species prevalence within sites.
Significant p-values are bold.
Site
A
B
C
D
E
F

F
0.76
4.9
7.5
8.3
3.2
4.3

df
8
8
8
8
8
8

Pwhole model
0.6422
0.0070
0.0011
0.0007
0.0329
0.0117

pyear

Pparasite sp

0.9910
0.1414
0.4096
0.0153
0.0556

0.0029
0.0006
0.0003
0.1026
0.0126
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Figure 1.8: Density of infected snails at each site in 2013 and 2014 combined. Error bars
represent standard error. Within trematode species, bars separated by different letters are
significantly different. There were no significant differences for A. variglandis. See Table 4 for
statistical results.
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Table 1.4: ANOVA results of comparison of density of each trematode infected snail population
between sites. Significant p-values are bold.
Species
A. variglandis
G. adunca
H. quissetensis
L. setiferoides
S. dentatum
S. tenue
Z. rubellus

F
1.55
10.84
5.97
6.44
5.13
6.95
7.05

df
11
11
11
11
11
11
11

Pwhole model
0.1151
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001

pyear

psite

Pyear*site

0.0249
0.8212
0.0879
0.9089
0.3376
0.8991

<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001

<0.0001
0.0068
0.3353
0.2874
0.8460
0.0843
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Figure 1.9: Density of second intermediate hosts Hediste diversicolor, Neanthes succinea, and
Alitta virens at six sites in Great Bay Estuary during summers of 2013 (white bars) and 2014
(black bars). Error bars are standard error. Bars separated by different letters are significantly
different. There were no differences between years for N. succinea.
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Nereid worms – distribution:
Three species of nereid worms were found across the six study sites: Hediste
diversicolor, Neanthes succinea, and Alitta virens. While each site harbored nereid worms, the
species composition was significantly different between years and sites (Figure 1.9; F = 13.9, df
= 20, pwhole model < 0.0001, pyear = 0.0163, psite < 0.0001, pnereid sp < 0.0001, pnereid*year = 0.0639,
pnereid*site < 0.0001). Total nereid density was higher in 2014 (19.8 ± 2.2 worms) than in 2013
(12.4 ± 2.2 worms); this was driven by high densities of H. diversicolor at site A and A. virens at
site D. Three sites (A, E, and F) were dominated by H. diversicolor. The density of H.
diversicolor at sites A, E, and F was significantly higher than the density of all other site/species
pairings. At each of these three sites, N. succinea or A. virens was absent or had low densities: A.
virens was absent from site A, N. succinea was absent from site E and rarely observed at site F,
and A. virens was only observed in one of the three survey years at sites E and F (2014 and 2012
respectively). Site C was dominated by N. succinea, though all three species were present. Site D
was dominated by N. succinea and A. virens, with rare observations of H. diversicolor. Hediste
diversicolor was only observed during one of three survey years at sites B, C, and D (2013,
2013, and 2014 respectively). Nereid density at site B was very low (1.6 worms/m2 for all worms
combined).
Each nereid worm had a distinct distribution (Figure 1.9). The density of H. diversicolor
was significantly different between years and sites (F = 8.13, df = 11, pwhole model < 0.0001, pyear =
0.0392, psite < 0.0001, pyear*site = 0.0040). Density of H. diversicolor was higher at sites A, E, and
F than all other sites. Density did not vary interannually within sites except at site A, where
density was significantly higher in 2014 (115.6 ± 14.6 worms/m2) than in 2013 (19.6 ± 14.6
worms/m2). Density of N. succinea did not differ between years, but was significantly higher at
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sites C and D than at all other sites (F = 8.22, df = 11, pwhole model < 0.0001, pyear = 0.3569, psite <
0.0001, pyear*site = 0.4402). The density of A. virens was significantly different between years and
sites (F = 8.80, df = 11, pwhole model < 0.0001, pyear = 0.0286, psite < 0.0001, pyear*site < 0.0001).
Density of A. virens was significantly higher at site D in 2014 than all other sites/years.

Nereid worms – size structure
Nereid worms had distinct size structures; H. diversicolor was significantly smaller than
N. succinea and A. virens (Figure 1.10; F = 46.3, df = 9, pwhole model < 0.0001, pyear = 0.3158, psite
< 0.0001, pnereid < 0.0001). Mean worm size was statistically similar for N. succinea and A.
virens, but the range for A. virens was nearly two-fold greater than for N. succinea, with the
largest observed A. virens at 3.04g and 1.56g for N. succinea. Alitta virens displayed substantial
variation in mass both within sites and between years (Figure 1.10).
Worms displayed site specific differences in mass (Figure 1.10). Both N. succinea and A.
virens were smallest at site D (N. succinea: F = 3.3, df = 7, pwhole model = 0.0027, pyear = 0.7735,
psite = 0.0010, pyear*site = 0.5637; A. virens: F = 3.8, df = 9, pwhole model = 0.0006, pyear = 0.4748,
psite = 0.0103, pyear*site = 0.4938). Site specific differences in the size of Hediste diversicolor were
affected by year, but there was no consistent pattern across sites and years (F = 17.1, df = 5,
pwhole model < 0.0001, pyear = 0.0504, psite = 0.0007, pyear*site < 0.0001).
There was no correlation between nereid density and mass for any nereid species. There
was no significant correlation between density of I. obsoleta and worm mass or worm density for
any of the nereid species. There was no correlation between I. obsoleta density and the density of
any of the nereid species (Table 1.5).
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Nereid worms – Z. rubellus infection: distribution
All three nereid worms, H. diversicolor, N. succinea, and A. virens, were found to host
live encysted metacercariae of Z. rubellus. Cumulative infection prevalence of Z. rubellus was
significantly higher at sites A, B, C, and D (87.2%, 76.1%, 90.5%, and 83.9% respectively) than
sites E and F (18.2% and 9.9% respectively) (F = 21.7, df = 9, pwhole model < 0.0001, pyear = 0.6971,
psite < 0.0001, pnereid = 0.0030). This pattern of low prevalence of Z. rubellus at sites E and F was
consistent for each nereid worm host (Figure 1.11). Across the study, prevalence of Z. rubellus
was significantly higher in N. succinea (96.8%) than H. diversicolor (53.0%) and A. virens
(39.2%). However, this result is skewed by the lack of any N. succinea at sites E and F where
prevalence was low. Prevalence of Z. rubellus was over 50% in all three species at every site and
time point except at sites E and F (Figure 1.11). When sites E and F are removed, total study
wide prevalence of Z. rubellus is significantly higher in N. succinea (96.8%) and H. diversicolor
(94.9%) (F = 3.2, df = 7, pwhole model = 0.0233, pyear = 0.4469, psite = 0.6083, pnereid = 0.0028).
Infection prevalence was high at most sites for all species. However, the infection
intensity patterns show differences between years, sites, and species (Figure 1.12). Cumulative
infection intensity of Z. rubellus among all nereids was significantly lower in 2014 than 2013
(2012 was not different from other years), and highest at site C and lowest at sites E and F (F =
74.6, pwhole model <0.0001, pyear = 0.0002, psite < 0.0001, phost < 0.0001). Across the study, infection
intensity of Z. rubellus was significantly higher in N. succinea (12.5 metacercariae per worm)
than in H. diversicolor or A. virens (1.6 and 2.9 metacercariae per worm respectively). The
differences between nereid species remain when sites E and F are excluded.
The general patterns observed across all nereid hosts was consistent for each host species
as well (Figure 1.12). Infection intensity of Z. rubellus in N. succinea did not vary annually, but
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did vary by site, with infection intensity at site C higher than at site D (F = 2.6, df = 11, pwhole
model

= 0.0043, pyear = 0.0640, psite = 0.0094, pyear*site = 0.3110). Interannual variation among N.

succinea in mean infection intensity within sites (particularly sites A, B, and C) was not
statistically significant because there was large variation between individual worms and, at some
sites, low observations of worms (e.g. only three heavily infected N. succinea were observed at
site B in 2012).
Among H. diversicolor, infection intensity of Z. rubellus was significantly different
between years and sites (Figure 1.12; sites B, C, and D excluded because H. diversicolor was
only observed in one year at each of these sites: F=50.0, df = 8, pwhole model < 0.0001, pyear <
0.0001, psite < 0.0001, pyear*site < 0.0001). Infection intensity was significantly higher at site A
than sites E and F. At site A, infection intensity of Z. rubellus in H. diversicolor was
significantly different in all three years, and site A in 2012 and 2013 had significantly higher
infection intensity than any year at sites E and F.
Zoogonus rubellus infection intensity in A. virens was significantly higher at sites C and
D than site F (Figure 1.12); there was no difference between years (year and site were not
crossed for this analysis because most sites did not have observations of A. virens for all years; F
= 3.9, df = 6, pwhole model = 0.0012, pyear = 0.4995, psite = 0.0028).

Zoogonus rubellus metacercariae distribution
Cumulative density of Z. rubellus metacercariae was significantly different between years
and sites (Figure 1.13; F = 6.9, df = 11, pwhole model < 0.0001, pyear = 0.0080, psite < 0.0001, pyear*site
= 0.1474). Density of Z. rubellus metacercariae was significantly higher in 2014 than 2013
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(density was not measured in 2012) and significantly higher at sites A, C, and D than at sites B,
E, and F.

Nereid worms – Other trematodes
In addition to Z. rubellus, two other trematodes, a Himasthla sp. and Lepocreadium
setiferoides, were frequently found within the nereid worm hosts (Figure 1.14). Prevalence of
these species was consistent from year to year in all three nereid hosts. Fully encysted live
metacercariae of a Himasthla sp. was found in all three nereid worm species. Prevalence of the
Himasthla sp. was significantly higher in N. succinea (66.3%) than in H. diversicolor (19.7%) or
A. virens (35.3%) (F = 18.7, df = 8, pwhole model < 0.0001, pyear = 0.6444, psite <0.0001, pnereid <
0.0001). Prevalence of Himasthla sp. was significantly higher at site C than sites A, B, D, and F.
Lepocreadium setiferoides was also found inside the nereid worm hosts, however, they
were not encysted and had not metamorphosed into metacercariae. They appeared to be live
cercariae which had dropped their tails but still retained other identifying characteristics
including the excretory vesicle and sometimes eye spots. Prevalence of L. setiferoides was
significantly higher in N. succinea (92.2%) than in H. diversicolor (16.2%) or A. virens (13.0%)
(F = 12.7, df = 8, pwhole model < 0.0001, pyear = 0.7230, psite = 0.0684, pnereid < 0.0001). Prevalence
of L. setiferoides was absent or low in both H. diversicolor and A. virens in most surveys (Figure
1.14); the 100% prevalence observed in H. diversicolor at site B was because only one worm
was observed at this site and it harbored L. setiferoides.
Similar infection intensity patterns were observed for the Himasthla sp. and L.
setiferoides. Infection intensity of both these trematodes was highest in N. succinea, with H.
diversicolor and A. virens displaying similar levels of infection (Figure 1.15). Cumulative
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infection intensity of Himasthla sp. was significantly higher at site C than site A, but highly
variable at each site (F = 19.1, pwhole model < 0.0001, pyear = 0.5262, psite = 0.014, phost < 0.0001).
Infection intensity of the Himasthla sp. was significantly higher in N. succinea than in H.
diversicolor or A. virens. There were no significant differences in infection intensity between
sites for N. succinea or A. virens (Figure 1.15); this distinction from the cumulative patterns is
likely due to the high variability that was observed. Infection intensity in individual N. succinea
ranged from 0 to 60 metacercariae per worm.
In contrast to the distribution patterns of Z. rubellus and Himasthla sp., L. setiferoides
infection intensity was lowest at site C. Infection intensity of L. setiferoides was significantly
higher at site D than sites A, C, E, and F (F = 5.9, pwhole model < 0.0001, pyear = 0.30, psite < 0.0001,
phost < 0.0001). These spatial patterns were driven by infection among N. succinea, which were
not only more likely to be infected by L. setiferoides, but also harbored significantly more
metacercariae per worm (Figure 1.15).

Nereid worms – old cysts
All three nereid species were found to harbor old cysts, identified by the dark amber to
black colored cysts through which the metacercariae was no longer visible. The trematode
species of origin for these cysts could not be visually identified and may therefore represent a
complex of different species (it is presumed they are mostly Z. rubellus and Himasthla sp.). The
viability of metacercariae within was not confirmed. All three nereid worms had nearly 100%
prevalence of old cysts at all time points and sites except sites E and F (Figure 1.14), where
trematode infection was lowest in both snail and worm populations (Figure 1.6 and Figure 1.11).
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The observed intensity of old cysts was substantially higher than those of any healthy
metacercariae (Figure 1.15). The cumulative infection intensity of old cysts was significantly
higher at site C than all other sites; site A infection intensity was higher than site F (F = 50.5,
pwhole model < 0.0001, pyear = 0.178, psite < 0.0001, phost <0.0001). Infection intensity of old cysts
was nearly four-fold higher at site C than all other sites for both N. succinea and A. virens.
Among H. diversicolor, intensity of old cysts was highest at site A. Intensity of old cysts was
significantly higher in A. virens (44.7 cysts per worm) than N. succinea or H. diversicolor (39.0
and 5.5 cysts per worm respectively).

Nereid worms and Z. rubellus – explanatory factors
Infection of Z. rubellus within nereid worms was poorly correlated with worm population
characteristics. Nereid worm density was not correlated with Z. rubellus infection prevalence or
intensity for any of the nereid species. Infection intensity was correlated with nereid mass for
both H. diversicolor and N. succinea, but not A. virens. Nereid mass explained 37% of the
variation in infection intensity among H. diversicolor (F = 63.0, df = 841, pwhole model < 0.0001,
pyear = 0.0038, psite < 0.0001, pmass = 0.0308). Among N. succinea, nereid mass explained 20% of
the variation in infection intensity (F = 7.4, df = 186, pwhole model < 0.0001, pyear = 0.0016, psite =
0.1479, pmass < 0.0001).
Zoogonus rubellus metacercariae were not uniformly distributed within nereid worm
populations. To visualize aggregation, a Lorenz curve was plotted where the x-axis represents
the proportion of the host population and the y-axis is the proportion of the parasite population
found within that segment of the host population (Poulin 1993, McVinish and Lester 2020).
Metacercariae displayed an aggregated distribution within each of the nereid worm populations,
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with some individual nereids hosting a greater proportion of the metacercariae population than
expected by chance (Figure 1.16). This pattern was observed at all sites. The degree of
aggregation varied more between sites than between nereid worm species (Figure 1.16b). The
highest aggregation was observed at sites B and E. At site B, the Hoover index may be skewed
by the low sample size (only 16 A. virens were observed). At site E, infection prevalence and
intensity were low; only 2 individuals had more than 5 metacercariae and the highest infection
intensity observed in H. diversicolor was 14 Z. rubellus metacercariae.
Overall, infection in the nereid worm hosts was high at sites where infection in I.
obsoleta was high (Figure 1.17). Density of infected snails was the best explanatory factor for
worm infection patterns (Table 1.6). The density of Z. rubellus infected I. obsoleta explained
83% of the observed variation in infection intensity of Z. rubellus in H. diversicolor. Among A.
virens, the density of Z. rubellus infected I. obsoleta explained 41% of the variation in Z.
rubellus infection intensity and 60% of the variation in the prevalence of Z. rubellus in A. virens.
Infection prevalence among I. obsoleta was a poor predictor of worm infection patterns
(Table 1.6). Infection prevalence of Z. rubellus in I. obsoleta explained 31% of the observed
variation in the infection intensity of Z. rubellus in H. diversicolor across the surveyed sites and
37% of the observed variation in infection prevalence of Z. rubellus in H. diversicolor. However,
prevalence of Z. rubellus in I. obsoleta was not correlated with infection intensity or prevalence
for A. virens. Ilyanassa obsoleta infection patterns were not correlated with infection intensity or
prevalence patterns in N. succinea.
Total density of infected snails was similarly positively correlated with Z. rubellus
intensity in H. diversicolor, but explained less of the observed variation (50%) than density of Z.
rubellus infected snails (83%). Total density of infected snails was positively correlated with Z.
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rubellus intensity in A. virens, explaining 39% of the observed variation. Total density of snails
(shell length >12mm) was also correlated with infection intensity of Z. rubellus in H.
diversicolor and A. virens and was as good an explanatory factor as the density Z. rubellus
infected snails.

Nereid worms and other trematodes – explanatory factors
Worm host density was strongly correlated with infection intensity of Himasthla sp. in N.
succinea (p = 0.0015, R2 = 0.81), but not for any other trematode-host combinations. Worm mass
was a similarly poor predictor of infection intensity for any of the nereid:trematode relationships.
There was a significant correlation between mass and intensity of the Himasthla sp. in H.
diversicolor, but this correlation was weak, explaining 7.4% of the variation. There was no
correlation between mass of A. virens and infection intensity of any of the observed trematodes.
There was a significant correlation between mass of N. succinea and the intensity of Himasthla
sp., explaining 11% of the variation in infection intensity.
Infection patterns of H. quissetensis in I. obsoleta was not correlated with infection
patterns of Himasthla sp. in any of the nereid hosts. Similarly, there was no correlation between
the infection patterns of L. setiferoides in I. obsoleta and infection patterns in N. succinea or A.
virens. There was strong and significant correlation between density of L. setiferoides infected I.
obsoleta and intensity and prevalence of L. setiferoides in H. diversicolor (R2 = 0.98, p <0.0001
and R2 = 0.99, p < 0.0001 respectively). However, conclusions from these results should be
limited because there were only two sites with positive observations of L. setiferoides in H.
diversicolor.
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Nereid worms and old cysts – explanatory factors
Intensity of old cysts were poorly correlated with nereid worm mass for H. diversicolor
and A. virens. There was a significant correlation between mass of N. succinea and the intensity
of old cysts, but it explained only 13% of the variation in the intensity of old cysts. There were
weak correlations between intensity of Z. rubellus and the intensity of old cysts within the same
host, explaining only 4%, 11%, and 6% of the observed variation in old cyst intensity among H.
diversicolor, N. succinea, and A. virens respectively. However, there was a larger spatial scale
correlation between the mean infection intensity of Z. rubellus metacercariae and the mean
intensity of old cysts at a site (Figure 1.18). There were strong positive correlations for H.
diversicolor and A. virens (p = 0.0007, R2 = 0.67 and p = 0.0011, R2 = 0.64 respectively), but not
N. succinea (p = 0.2419).
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Figure 1.10: Wet mass of individual H. diversicolor, N. succinea, and A. virens. Site for which
no bars are present represent absence of that worm at that site/year. Error bars represent standard
error. Bars separated by different letters are significantly different. For H. diversicolor, sites B,
C, and D were excluded from statistical analysis due to low observations. There was no
statistical effect of year among N. succinea or A. virens.
Table 1.5: Statistical results from correlation analyses. Means for each site/year were regressed
for each analysis with year and site as bocking factors.
Correlation
comparison
Nereid host density:
nereid host mass
I. obsoleta density:
nereid density
I. obsoleta density:
nereid mass

Nereid species

F

df

p-value

H. diversicolor
N. succinea
A. virens
H. diversicolor
N. succinea
A. virens
H. diversicolor
N. succinea
A. virens

3.1
2.8
1.7
6.6
4.6
0.81
4.0
8.7
1.6

8
7
9
8
7
9
8
7
9

0.41
0.28
0.36
0.29
0.19
0.62
0.37
0.11
0.38
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Figure 1.11: Infection prevalence of Z. rubellus within the three nereid worms H. diversicolor,
N. succinea, and A. virens. Sites for which no bars are present represent absence of the host
worm at that site/year (e.g. A. virens was not found at site A).
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Figure 1.12: Infection intensity (number of metacercariae per worm) of Z. rubellus in H.
diversicolor, N. succinea, and A. virens. Error bars represent standard error. For H. diversicolor,
bars separated by different letters are significantly different (site x year). For N. succinea and A.
virens, letters indicate significant differences between sites. There were no differences between
years for N. succinea or A. virens.
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Figure 1.13: Cumulative density of Z. rubellus metacercariae from all nereid worms. Error bars
represent standard error. Letters indicate significant differences.
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Figure 1.14: Infection prevalence of encysted Himasthla sp. metacercariae and unencysted L.
setiferoides in 2013 and 2014 and old/dead metacercariae cysts in 2012, 2013, and 2014 in H.
diversicolor, N. succinea, and A. virens. Sites for which no bars are present represent absence of
the host worm at that site (e.g. A. virens was not found at site A). Sites where the worm was
present, but the parasite was not, are represented by “x” (e.g. H. diversicolor was found at site B
in 2014 but none were infected with the Himasthla sp.).
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Figure 1.15: Mean infection intensity of encysted Himasthla sp. metacercariae and Unencysted
L. setiferoides in 2013 and 2014 and old cysts in 2012, 2013, and 2014 in H. diversicolor, N.
succinea, and A. virens. Error bars are standard error. Bar separated by different letters are
significantly different. There was no difference between years for Himasthla sp. or L.
setiferoides within any of nereid worms; there was no difference between years for the old cysts
in A. virens (2012 was excluded from this analysis due to low occurrences). Sites B, C, and D
were excluded from statistical analysis for H. diversicolor because of rare occurrences.
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Figure 1.16: Aggregation of Z. rubellus metacercariae within nereid worm hosts. (A) Lorenz
aggregation curves for Z. rubellus metacercariae among H. diversicolor, N. succinea, and A.
virens at each site. Sites with low observations were excluded. The solid black line represents an
even distribution of metacercariae among hosts. The further a curve is below the uniform
distribution line, the more aggregated the parasite population is among the host population. (B)
Hoover indices for nereid worms at each site. Higher values indicate greater aggregation.
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Figure 1.17: Correlation between intensity (number per worm) of Z. rubellus metacercariae
within nereid worm hosts and the density of I. obsoleta infected with Z. rubellus at the site.
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Table 1.6: Correlation analyses of infection patterns in I. obsoleta and nereid worms
Trematode
species

Correlation comparison
I. obsoleta
Nereid metric
Density of
infected snails

Infection
intensity
Infection
prevalence

Z. rubellus
Infection
prevalence

Infection
intensity
Infection
prevalence

Density of
infected snails

Infection
intensity
Infection
prevalence

Himasthla sp.
Infection
prevalence

Infection
intensity
Infection
prevalence

Density of
infected snails

Infection
intensity
Infection
prevalence

L. setiferoides
Infection
prevalence

Infection
intensity
Infection
prevalence
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Nereid species

F

df

p-value

R2

H. diversicolor
N. succinea
A. virens
H. diversicolor
N. succinea
A. virens
H. diversicolor
N. succinea
A. virens
H. diversicolor
N. succinea
A. virens
H. diversicolor
N. succinea
A. virens
H. diversicolor
N. succinea
A. virens
H. diversicolor
N. succinea
A. virens
H. diversicolor
N. succinea
A. virens
H. diversicolor
N. succinea
A. virens
H. diversicolor
N. succinea
A. virens
H. diversicolor
N. succinea
A. virens
H. diversicolor
N. succinea
A. virens

40.4
0.49
7.3
2.7
0.01
14.8
5.9
2.6
3.9
7.4
0.03
2.8
<0.01
1.7
3.0
0.22
0.60
2.9
0.10
0.37
0.22
0.03
0.05
1.4
376.9
0.18
0.07
814.2
4.4
0.27
5.5
0.04
0.12
10.1
0.004
0.71

8
7
9
8
7
9
11
11
11
11
11
11
8
7
9
8
7
9
8
7
9
8
7
9
8
7
9
8
7
9
8
7
9
8
7
9

0.0004
0.5084
0.0268
0.1463
0.9206
0.0049
0.0357
0.1366
0.0754
0.0215
0.8560
0.1234
0.9875
0.2390
0.1190
0.6509
0.4682
0.1243
0.75559
0.5652
0.6482
0.8640
0.8203
0.2687
<0.0001
0.6828
0.8029
<0.0001
0.0803
0.6153
0.0513
0.8436
0.7380
0.0099
0.9515
0.4183

0.83
0.41

0.60
0.31

0.37

0.98

0.99

0.36

0.45

H. diversicolor
N. succinea
A. virens

Figure 1.18: Correlation between the mean infection intensity of Z. rubellus metacercariae
among nereid worms within a site and the mean intensity of old cysts. Each point represents a
mean infection intensity for a site. Correlations were statistically significant for H. diversicolor
and A. virens, but not N. succinea.
H. diversicolor: F = 23.6, df = 11, p = 0.0007, R2 = 0.67, y = 2.2 + 1.4x
N. succinea: F = 1.5, df = 11, p = 0.2419
A. virens: F = 20.4, df = 11, p = 0.0011, R2 = 0.64, y = 4.6 + 20.3x
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Figure 1.19: Seasonal infection intensity of Z. rubellus, Himasthla sp., and L. setiferoides in the
three nereid worm hosts. Errors bars are standard error. Significant differences between months
is indicated by *.
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Figure 1.20: Seasonal infection prevalence of Z. rubellus, Himasthla sp., and L. setiferoides in
the three nereid worm hosts.
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Nereid worms: intra-annual variation
Seasonal surveys were conducted at sites A and D; site B was surveyed in May, but only
6 worms were found, so it was not surveyed again in October. Zoogonus rubellus and the
Himasthla sp. were observed in all three nereid species; L. setiferoides was not observed in H.
diversicolor and rarely observed in A. virens (Figure 1.19). Hediste diversicolor was observed at
site A (n = 37 and 29 in May and October respectively) (and site D in October only); N. succinea
was observed at site D (n = 13 and 5 in May and October respectively) (and site A in May only);
A. virens was observed at both sites, but only one individual was observed at site A in May (at
site D, n = 31 and 32 in May and October respectively). Infection patterns were compared only
for sites for site A for H. diversicolor, site D for N. succinea, and site D for A. virens.
Infection prevalence of Z. rubellus was over 94% among H. diversicolor at both time
points (Figure 1.20). Similarly, infection intensity was not different between May and October
(Figure 1.19). In contrast, infection prevalence of Z. rubellus in N. succinea increased from
61.5% in May to 100% October. Infection intensity of Z. rubellus in N. succinea increased
significantly from a mean of 1.9 metacercariae per worm in May to 10 metacercariae per worm
in October (p = 0.0002). Infection prevalence of Z. rubellus in A. virens increased from 45.2% in
May to 84.3% in October. Infection intensity of Z. rubellus in A. virens increased significantly
from a mean of 1.2 metacercaria per worm in May to 4.3 metacercariae per worm in October (p
<0.0001).
Infection prevalence of Himasthla sp. in H. diversicolor was high at both time points
(Figure 1.20). Infection intensity of Himasthla sp. in H. diversicolor was significantly higher in
October than in May (p = 0.0002). Infection prevalence of Himasthla sp. and L. setiferoides in N.
succinea was high at both time points. Infection intensity of Himasthla sp., and L. setiferoides in
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N. succinea was significantly higher in October than in May (p = 0.0008, p = 0.0001
respectively). In A. virens, infection prevalence was zero in May for both Himasthla sp. and L.
setiferoides. In October, infection prevalence of Himasthla sp. was 65% while prevalence of L.
setiferoides remained low at 6%. Infection intensity of Himasthla sp. in A. virens was
significantly higher in October than in May (p < 0.0001).

Discussion:
Second intermediate hosts of Z. rubellus in Great Bay Estuary
Zoogonus rubellus utilizes Ilyanassa obsoleta as the first intermediate host and Alitta
virens as the second intermediate host (Shaw 1933, Stunkard 1938, McCurdy and Moran 2004).
While trematodes often utilize a single species for the first intermediate host, multiple species
often serve as second intermediate host. Some studies have suggested that Z. rubellus may infect
other nereid worms given the habitat overlap between nereid species and I. obsoleta (Stunkard
1938, Curtis 2007), but none have conducted infection tests or surveyed natural populations to
confirm this assertion. Three nereid worms were found during surveys of Great Bay Estuary:
Neanthes succinea, Hediste diversicolor, and Alitta virens. All three nereid worm species were
frequently infected with live metacercariae of Z. rubellus, and often harbored multiple
metacercariae (Figure 1.12).
Each nereid worm had a distinct population structure and distribution. Across the study,
H. diversicolor was the most abundant of the three species by over 4-fold (Figure 1.9) and was
significantly smaller than the other two nereid species (Figure 1.10). Although, H. diversicolor
can grow larger than N. succinea, previous studies have similarly found H. diversicolor
sympatric with N. succinea to be smaller than N. succinea (Kristensen 1988). Alitta virens was
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the least abundant and had the largest size range, however most individuals were similarly sized
to N. succinea. The A. virens observed in this study were substantially smaller than the size they
can reach and at which they are often observed in coastal habitats (Creaser and Clifford 1982,
McCurdy and Moran 2004, personal observation). The small size of the observed A. virens is
likely due to the habitat in which this study was conducted, high intertidal zone mudflats.
Previous studies have shown that A. virens increase in size with water depth and prefer sandy
habitats (Kristensen 1988).
Each nereid species displayed a distinct spatial distribution across the study sites (Figure
1.9). Hediste diversicolor was abundant at sites A, E, F and rare at the other sites. Neanthes
succinea was common at sites C and D and entirely absent from sites E and F. Alitta virens was
found at all sites except site A, but was only commonly observed at site D. These distributions
are consistent with the unique habitat preferences and physiological tolerances of each nereid
worm. Abiotic parameters were not systematically measured at these sites during the surveys;
however, it was anecdotally noted that site A was consistently observed to have a lower salinity
than the other sites. Site A has a strong freshwater input that accounts for the lower salinity. This
observation is consistent with the previously reported preference of both N. succinea and A.
virens for higher salinity environments and high tolerance of H. diversicolor for low salinity
environments (Kristensen 1983, 1988). In addition to abiotic factors, agonistic interactions
between worms likely also impacted their distribution. Nereid worms display aggressive and
territorial behaviors (Miron et al. 1992). Neanthes succinea and A. virens are both competitively
dominant to H. diversicolor; agonistic interactions can be strong enough in desirable habitats to
result in the exclusion of H. diversicolor (Kristensen 1988). The near absence of H. diversicolor
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from sites C and D, where N. succinea and A. virens were common, may be due to similar
competitive exclusion.
Site specific characteristics did not uniformly affect infection patterns among the three
nereid worms. Instead, infection patterns were found to be species specific. Alitta virens had the
lowest intensity of live metacercariae infections (Figure 1.12). Infection intensity within A.
virens was substantially lower than reported in a previous study of A. virens from a sand flat in
Maine (McCurdy and Moran 2004). The authors reported a mean infection intensity of 115
metacercariae per worm among worms less than 1 g wet mass and over 500 metacercariae per
worm among worms greater than 1 g wet mass. This survey found few worms over 1 g wet mass
and a mean infection intensity of 3 metacercariae per worm. Larger worms may be found further
from shore than was sampled for in these surveys (Miron and Desrosiers 1990, Caron et al.
1996). It is unknown what infection patterns may be among any such worm subpopulations.
However, given that only four worms (all N. succinea) were observed with an infection intensity
over 60 metacercariae, it is unlikely that infection among any larger worm subpopulations that
were missed would approach the infection intensities reported by McCurdy and Moran (2004).
Neanthes succinea had significantly higher infection intensity than the other two species
(Figure 1.12), suggesting higher susceptibility to infection by Z. rubellus. Higher susceptibility
could be a consequence of increased encounters with Z. rubellus or decreased investment by N.
succinea in defensive mechanisms. Encounter rate may be a function of choice by the parasite or
host behavior. It is unknown if Z. rubellus displays any preference among nereid worm hosts. If
cercariae display a preference for one species over the others, it could lead to the observed
differences in infection patterns between these three host species (Johnson et al. 2019, Westby et
al. 2019). However, preliminary experiments I performed found no evidence of cercariae
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response to olfactory cues from worms. Furthermore, there is evidence of differences in the
transmission efficiency of Z. rubellus infecting H. diversicolor and A. virens (see Chapter 3).
Differences in transmission efficiency of a parasite to different host species can dilute the effect
of parasite choice (Johnson et al. 2019). This suggests that the differences in susceptibility may
not be due to parasite choice, but instead be driven by differences between hosts.
Distinct host behaviors can also affect encounter rates with a shared parasite. Each of the
nereid worm species displays distinct feeding behaviors that may alter their encounter rates with
Z. rubellus cercariae on the sediment surface. Alitta virens is described as omnivorous and
predatory depending on habitat conditions (Copeland and Wieman 1924, Fauchald and Jumars
1979, Nielsen et al. 1995) and can display high precision when seeking food, emerging from
burrows in close proximity to the food source (Copeland and Wieman 1924). Hediste
diversicolor is omnivorous and displays the unique ability among nereids worms to create a
mucus net at the entrance of their burrow to filter feed (Riisgard 1991, Nielsen et al. 1995).
These feeding strategies may minimize surface exposure to Z. rubellus. In contrast, N. succinea
is described primarily as a surface deposit feeder that moves the anterior of its body along the
surface around the burrow to feed (Fauchald and Jumars 1979, Pardo and Dauer 2003). This
feeding behavior may increase the encounter rate of N. succinea to Z. rubellus, relative to H.
diversicolor and A. virens. The feeding behaviors of these nereid worms has not been studied in
Great Bay Estuary. All three worms display plasticity in feeding behavior depending on
environmental conditions and thus it is unknown how their behaviors within Great Bay Estuary
may differ and if it contributes to their susceptibility to infection by Z. rubellus.
Species specific differences in infection may also be due to the distinct life histories of
the nereid worms, which epidemiological theory has demonstrated can impact host-parasite
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interactions, including host defense and immunity (Zuk and Stoehr 2002, Sears et al. 2015).
Epidemiological models suggest that, since exposure risk (and infection risk) increases with
time, longer-lived organisms that rely on innate immunity (such as invertebrates) should invest
more resources into immunity and/or defense than short-lived organisms (Miller et al. 2007,
Boots et al. 2013). Neanthes succinea is an annual species (Pettibone 1963) and had the highest
infection intensity among the three nereid species. In contrast, A. virens, which had the lowest
infection intensity, has the longest lifespan, living at least 2 years before sexually maturing,
spawning, and dying (estimates of A. virens’ lifespan range up to 15 years) (Brafield and
Chapman 1967, Snow and Marsden 1974). These distinct differences in lifespan may alter the
trade-off between tolerating or defending against metacercariae. Hediste diversicolor, which has
an intermediate lifespan (2-3 years) as compared to the other two nereid species (Scaps 2002),
had intermediate levels of infection as compared to A. virens and N. succinea. These qualitative
observations are consistent with the hypothesis that lifespan may affect the cost-benefit trade-off
of tolerating or defending against infection.
Further evidence of a difference in immune response between the nereid species is found
in the distinct differences in the intensity of old cysts. In contrast to the infection patterns of Z.
rubellus among the nereid worms, high intensities of old cysts were observed in A. virens (Figure
1.15). While the old cysts were not removed and dissected to confirm if the metacercaria within
was dead, it was presumed that they were dead because of their dark, opaque, and rough-edged
appearance; similar descriptions of old cysts containing dead metacercariae or deteriorated
trematode tissue has been documented for other trematode species (Anderson and Fried 1987,
Martin and Conn 1990, Morley et al. 2004, Phelan et al. 2016). Cysts of live metacercariae have
been reported in other Zoogonus species to turn amber colored with age but remained transparent
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for up to 40 days post infection (Køie 1976). The species within the old cysts was not confirmed,
however there was a significant correlation between the mean intensity of old cysts and live Z.
rubellus metacercariae within sites for both H. diversicolor and A. virens (Figure 1.18). The high
intensity of old cysts suggests that A. virens may be penetrated by a similar number of cercariae
as H. diversicolor and N. succinea, but may also have a stronger immune response. The
discoloration characteristic of old cysts is indicative of a host immune response (Martin and
Conn 1990, Phelan et al. 2016, Borges et al. 2018). A stronger or faster immune response may
help to minimize any negative impacts of the metacercariae on the host physiology. Such
differences between A. virens and H. diversicolor in their response to infection by Z. rubellus
could also reflect differences in the co-evolutionary history of these organisms; molecular
evidence suggests that H. diversicolor may have been cryptically introduced to the eastern coast
of North America (Virgilio et al. 2009, Einfeldt et al. 2014) and would therefore have a shorter
co-evolutionary history with Z. rubellus. A shorter co-evolutionary history could result in a
weaker defensive response to the parasite.
Alternatively, the greater number of old cysts may be an artifact of the older age of the
larger individuals of A. virens. Metacercariae cysts may accumulate within longer lived hosts.
There were only weak correlations between worm mass (proxy for age) and intensity of old cysts
among H. diversicolor and N. succinea and no correlation among A. virens. Few A. virens greater
than 1 g wet mass were observed which limits the strength of conclusions that can be made
regarding parasite accumulation and age in A. virens. However, a similar lack of association
between size and infection intensity was found among the polychaete Abarenicola affinis
infected with metacercariae of Heteromastus filiformis (Peoples et al. 2012). To definitively
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determine if metacercariae accumulate with age additional manipulative studies need to be
conducted to establish the longevity of metacercariae within the host.
Among nereid worms, Z. rubellus exhibited an aggregated distribution (Figure 1.16). The
mechanism that causes this aggregation affect is unknown. Aggregation can be a result of
biological interactions (e.g. accumulation with age or parasite choice) or a result of random
heterogeneity (e.g. individual heterogeneity in hosts or spatial heterogeneity of first or second
intermediate hosts). There was a correlation between nereid size and infection intensity among
H. diversicolor and N. succinea, which may be an indication of accumulation of infection with
exposure time. Another study of the cockle Cerastoderma edule, found that metacercariae
infection intensity of two trematode species was strongly correlated with exposure time
(Thieltges 2008), suggesting the importance of repeated exposure in driving metacercariae
infection patterns. However, no correlation was found in A. virens. While differences in infection
intensity were observed between nereid worm species (Figure 1.12), the aggregation patterns
within each nereid worm species were similar (Figure 1.16). This suggests that while there may
be differences in susceptibility between species, species differences do not explain the
aggregated distribution of Z. rubellus within hosts.
For Z. rubellus, aggregation within nereid worm hosts is likely a consequence of the
spatial heterogeneity of hosts as well as the morphology of Z. rubellus cercariae. The cercariae,
surviving only 24-72 hours (Shaw 1933, Stunkard 1938), are tailless and move by crawling along
the substratum. Therefore, their dispersal once they have exited I. obsoleta is limited. This could
lead to high point exposure for any worms that are nearby during a shedding event. Encounter
rate has been demonstrated in other systems to be an important factor in metacercariae
accumulation (Detwiler and Minchella 2009). The patchy spatial distribution of I. obsoleta
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(Curtis and Hurd 1983, Curtis 2007) and limited mobility of Z. rubellus may interact to create
high exposure patches that results in the aggregation patterns observed within nereid worm hosts.
The tailless morphology of Z. rubellus cercariae may also affect the way in which the
cercariae encounter nereid worms and their resultant distribution within the worm host. Nereid
worms spend most of their time inside their burrows. When they explore the surface, they will
often do so while keeping their posterior within the burrow (thereby allowing for a quick escape
from a potential predator). Being along the substratum may allow Z. rubellus cercariae to
encounter and infect nereid worms while they are still within or partially within their burrows. It
was anecdotally observed that Z. rubellus infections seemed to accumulate in the anterior portion
of the nereid worm hosts. This same accumulation was not observed for Himasthla sp. or L.
setiferoides. Unlike Z. rubellus, Himasthla sp. and L. setiferoides cercariae have tails and swim
(if poorly) to find their hosts. This morphological difference between cercariae likely leads to
differences in how they encounter and infect the worm hosts.

Spatial distribution of Z. rubellus
Zoogonus rubellus was observed at all sites in both first and second intermediate hosts.
Among the first intermediate host Ilyanassa obsoleta, seven different trematode species were
found in Great Bay Estuary (Table 1.2). The most common species were Z. rubellus and S. tenue,
which have been previously documented as the most common trematodes infecting I. obsoleta
within its native range on the eastern US (Altman 2010). The prevalence of Z. rubellus among
the first intermediate host, I. obsoleta, did not vary significantly between sites (due primarily to
high interannual variation within sites). However, the density of Z. rubellus infected snails was
significantly different between sites (Figure 1.8); density at site C was over 2-fold higher than
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any other site, while the density at three sites (A, E, and F) was less than one snail per m2. This
pattern mirrored that of the total snail density across sites (excluding all snails less than 12 mm
shell length) (Figure 1.2).
The spatial distribution of Z. rubellus within the second intermediate hosts followed the
same relative prevalence pattern as found among the first intermediate host, except for site A
(Figure 1.11). At site A, infection prevalence among nereid worms was over 90%, whereas it
was only 11% among I. obsoleta (approximately half the prevalence observed at sites B, C, and
D) (Figure 1.6). Species specific differences were also observed. Among H. diversicolor and N.
succinea, infection prevalence was over 80% at sites A, B, C, and D (Figure 1.11). Prevalence of
Z. rubellus was more variable among A. virens, but over 40% for sites B, C, and D. In contrast,
infection prevalence was below 20% for all three nereid species at both sites E and F. Infection
intensity revealed further site differences, with infection intensity highest at site C, followed by
sites D and B, and lowest at sites E and F (Figure 1.12).
When nereid worm density, prevalence, and intensity are all considered, the spatial
distribution of Z. rubellus metacercariae is distinct from the distribution of cercariae. Whereas
the density of Z. rubellus infected I. obsoleta (as a proxy for cercariae) was greatest at sites B, C,
and D (Figure 1.8), the density of metacercariae was greatest at sites A, C, and D (Figure 1.13).
The difference between Z. rubellus’ distribution at these two life stages is driven by the
distribution of the second intermediate hosts. The density and infection intensity of all three
nereid worms was low at site B and thus metacercariae density was also low. Although infection
intensity among H. diversicolor was low at site A (Figure 1.12), the near 100% infection
prevalence among H. diversicolor (Figure 1.11), and high density of H. diversicolor at site A
(Figure 1.8) resulted in a high density of Z. rubellus, comparable to that observed at sites C and
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D. These results highlight the importance of both the distribution patterns of second intermediate
hosts and infection patterns within second intermediate hosts for understanding the transmission
to and distribution among the definitive hosts. Transmission efficiency to the definitive host is
unknown, but these results suggest that sites A, C, and D posed the greatest risk to infection for
the definitive hosts. If only the first intermediate host were considered, site B and not site A
would appear to be a high-risk habitat for the definitive host.
While each site was selected to have certain key characteristics (such as the presence of a
fringing salt marsh), the size and shape of the mudflat varied substantially between sites. These
differences likely affected the survey results, but none of the categorical characteristics chosen
had explanatory power. Altman (2010) found proximity to roads to be the factor that most
explained variation in trematode populations within I. obsoleta, and distance to the ocean and
sediment characteristics such as nitrogen, clay content, and PC2 metals were correlated with
some of the trematodes that utilize I. obsoleta was a host. However, the mechanisms by which
the sediment characteristics might affect trematode distributions are unclear. For Z. rubellus,
sediment characteristics may be particularly important because the cercariae are tailless and
crawl along the substratum to find their second intermediate hosts. Furthermore, the second
intermediate hosts, nereid worms, are infauna and their distributions and behaviors can be
affected by the sediment composition (Kristensen 1988). To get a truly comprehensive picture of
the demographics at each site a larger survey should be conducted along multiple directions. In
addition, further site characteristics should be measured.
While the categorized site characteristics did not explain trematode distribution, there
was a distinct difference in the trematode populations at sites based on tributary (Figure 1.1).
Sites E and F, which are located along a separate tributary from all other sites had significantly
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lower incidence of trematodes, particularly Z. rubellus, in both I. obsoleta and nereid worms.
The physical characteristics of these sites were different from each other, but shared common
features with the other four sites suggesting the physical composition does not explain their
difference from the other sites. This tributary is relatively small and shallow (unpassable by boat
at low tide near site F), and not well connected to the large Great Bay which hosts a diverse and
abundant estuarine community, including the definitive hosts. It is likely that the definitive fish
hosts are less common or absent from this tributary, however detailed data on fish populations
within the Great Bay Estuary and connected tributaries were unavailable to confirm this
hypothesis.

Interannual variation in Z. rubellus: first intermediate host
Across the Great Bay Estuary system, prevalence of Z. rubellus did not vary annually
within I. obsoleta. Interannual consistency of infection among first intermediate hosts at regional
scale has been previously documented in Littorina littorea (Byers et al. 2016). This consistency
within L. littorea populations was attributed to the stability of the definitive host populations.
There is insufficient data on the definitive host populations of Z. rubellus to know if a similar
process drives the stability of infection among I. obsoleta. However, there is one important
difference between these two snails. Littorina littorea has a shorter lifespan (5-10 years (Moore
1937, Hughes and Answer 1982)) than I. obsoleta, which is estimated to live 30 or more years
(Curtis 1995) and it is believed that trematode infections last for the life of the snail (Curtis et al.
2000). Thus, the consistency of the trematode population within I. obsoleta across Great Bay
Estuary could be a consequence of the long lifespan of I. obsoleta and longevity of trematodes
infectios within I. obsoleta.
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While trematode populations within I. obsoleta study wide did not vary, site specific
interannual variation was observed. The maximum within site difference across all three years
for Z. rubellus prevalence in I. obsoleta varied from 0.03 (site F) to 0.26 (site C) (Table 1.2). The
prevalence difference between 2013 and 2014 (standardized sampling method) ranged from 0
(site C) to 0.14 (site B). At site C, prevalence of Z. rubellus was 2-fold higher in 2012 than 2013
or 2014. This suggests that some of the variation observed may be due to the different sampling
method in 2012. Samples from 2012 were collected closer to shore, whereas 2013 and 2014
samples were collected along a transect line placed perpendicular to shore. This change was done
to provide a more accurate representation of the entire mudflat and may also account for some of
the variation observed in the data. In other regions, Z. rubellus infected I. obsoleta have been
found to cluster in the high intertidal (Curtis 2007) and thus the sampling change could have
impacted the results. However, 2012 was generally consistent with the other years, and 2013 was
the most different year, suggesting the change in survey methods did not have a significant
impact on the survey results.
Among first intermediate host I. obsoleta, interannual differences in the infection
prevalence at some sites correlated with high recruitment years (sites A and C; Figure 1.6 and
Figure 1.2). Infection prevalence was more consistent between years when younger snails were
removed. This observation demonstrates the effect of recruitment on population level infection
prevalence, but it is not understood how a high recruitment year might affect the infection
prevalence within the population in future years. Trematode infection is correlated with age for
many host species; this pattern is driven primarily by the probability of infection increasing with
exposure time (Curtis and Hubbard 1993, Curtis and Tanner 1999). A high recruitment year may
dilute the presence of the parasite within that year but create more opportunities for the parasite
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in future years. Dilution of parasite prevalence with increasing snail density has been
documented in other systems (Ewers 1964, Buck et al. 2017). Density dependent dilution of
infection prevalence has not been directly connected to recruitment events, but it is likely that if
there is high survival among the recruited snails, lower infection prevalence would persist for
several years in communities with low infection acquisition, as has been proposed for I. obsoleta
populations (Curtis and Tanner 1999). Longer term monitoring studies should be conducted to
further investigate the effect of host recruitment on parasite proliferation within both first and
second intermediate hosts.
When only snails with a shell length over 12 mm were considered, interannual variation
was observed at sites with a low density of snails, such as site A (low density of large snails) and
site E (low total snail density), where only a few snails skew prevalence results. Variation in total
prevalence was driven primarily by variation in the prevalence of the two dominant species, S.
tenue and Z. rubellus (Table 1.2), indicating the significant presence of Z. rubellus in Great Bay
Estuary mudflat communities (and potentially important ecological function).
This study did not show any clear patterns in parasite infection along a vertical gradient,
but it was not designed to effectively detect such patterns. Previous studies in Delaware Bay,
USA and the Jacques Cousteau National Estuary Research Reserve, USA have shown distinct
vertical distribution patterns of infection in I. obsoleta, with different trematode infected snails
favoring different types of habitat and proximity to shore (Curtis and Hurd 1983, Curtis 1993,
2007, Rossiter and Sukhdeo 2012). Rossiter and Sukhdeo (2012) frequently recaptured snails
near their original release points across multiple years, indicating there were minimal migrations.
In contrast, a study of micro habitats within a single saltmarsh in Great Bay reported substantial
movement of I. obsoleta and high variation in trematode distribution patterns across a single
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summer season (Altman 2010). Distinct vertical distributions of trematodes within I. obsoleta,
such as those reported from studies conducted in Delaware and New Jersey, may not occur in the
northern regions of I. obsoleta’s distribution because of the distinct seasons of the region. Great
Bay Estuary intertidal habitats seasonally freeze for several consecutive months, forcing I.
obsoleta into subtidal habitats. While similar seasonal migrations have been documented in more
southerly regions, including Delaware Bay, those habitats do not experience the same degree of
ice and freezing as Great Bay Estuary, allowing I. obsoleta to overwinter in the intertidal by
burrowing into the mud. This distinct environmental difference may allow for trematode infected
I. obsoleta to establish strong small scale distribution patterns in southern habitats, whereas the
full seasonal migration may instead promote population mixing in northern habitats such as
Great Bay Estuary. Yearly migrations and mixing would likely result in temporal variation
across spatial scales. The results of this study, in conjunction with those of Altman (2010),
suggests that trematode populations of I. obsoleta are relatively stable over time at large spatial
scales, but highly variable at smaller spatial scales.

Interannual variation in Z. rubellus: second intermediate hosts
Similar to the patterns observed in the first intermediate host, interannual variation was
dependent upon spatial scale. At a regional scale (Great Bay Estuary) system there was no
interannual variation in the prevalence of Z. rubellus within second intermediate hosts. However,
at the smaller spatial scale of sites, interannual variation was observed. Within site variation in
prevalence of Z. rubellus was both site and species specific (Figure 1.11). Prevalence of Z.
rubellus in N. succinea was within 7 percentage points for each site (ranging from 88.5% to
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100% across all sites in the study). Within H. diversicolor and A. virens, within site prevalence
differed between years from less than 5 percentage points up to 26 percentage points.
Interannual variation in the infection intensity of Z. rubellus among nereid worm hosts
was greater than the observed variation in infection prevalence. Cumulative infection intensity
across all nereid hosts was significantly different between all years. This interannual variation
was similarly observed in H. diversicolor (Figure 1.12). The interannual variation was site
specific, with some sites, such as site A showing high interannual variation, and other sites such
as sites D, E, and F showing little variation. High interannual variation in infection intensity may
be expected because infection varied from 0 to over 60 metacercariae per worm in Great Bay
Estuary. This high individual variation is characteristic of an aggregated parasite distribution
within hosts, as was observed among all nereid hosts (Figure 1.16). Aggregation of macroparasites is a commonly observed phenomena in disease ecology (Shaw and Dobson 1995,
Johnson and Hoverman 2014). Given the observed aggregation, random mortality of hosts could
cause substantial interannual variation in mean infection intensity.
The observed interannual variation in Z. rubellus among second intermediate hosts could
be due to a variety factors including host migration (as observed in I. obsoleta), differential
exposure to cercariae, differential susceptibility (e.g. due to stress from environmental conditions
or genetic heterogeneity of hosts), host mortality, or mortality of metacercariae. All these factors
remain largely unexplored in nereid hosts. This study found evidence that metacercariae can
survive for several months within the host. All second intermediate host populations were found
to have some infection of Z. rubellus metacercariae in May when cercariae are unlikely to be on
the benthos due to the suppression of cercarial shedding in low water temperatures (see Chapter
2; Vernberg 1961, Sindermann and Farrin 1962). Furthermore, it was anecdotally noted that in
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May, infections within I. obsoleta were immature (via dissections) and not producing cercariae
even when it was attempted to induce shedding under laboratory conditions. While the age of
metacercariae could not be determined, these observations suggest that the metacercariae may be
able to survive within the worm host across the winter season. This evidence of metacercariae
retention and survival across seasons and years would seem counter to the high interannual
variation that was observed at some sites. However, little is known about how nereid worms
accumulate metacercariae or if infection alters nereid worm behaviors or impacts mortality rate.

Intra-annual variation in Z. rubellus: second intermediate hosts
Intra-annual variation in infection of Z. rubellus in nereid worm hosts was also observed.
Metacercaria infection intensity was significantly greater in worms collected in October than
worms collected in May (Figure 1.19), which suggests increased exposure to and transmission of
Z. rubellus across the summer season. This result is consistent with the late spring migration and
activity patterns of the first intermediate host I. obsoleta (Batchelder 1915). Great Bay Estuary
experiences large seasonal temperature shifts throughout the year that are a major driver of many
biotic and ecological interactions, including the migration of I. obsoleta (Batchelder 1915).
Snails move into the intertidal habitat in spring and leave again in the fall, before the intertidal
flats begin freezing, and thus their distribution only seasonally overlaps with nereid worms.
Temperature also impacts the supply of cercariae (which infect second intermediate
hosts). Larval trematodes within first intermediate hosts often cease production of cercaria in
cold temperatures (Morley and Lewis 2013). Higher water temperature has been demonstrated to
increase the emergence of cercariae in many species (Thieltges and Rick 2006, Studer and Poulin
2013b, Koprivnikar et al. 2014, Al-Jubury et al. 2020) and infectivity of some species (Thieltges
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and Rick 2006, Morley et al. 2007). Trematodes of I. obsoleta demonstrate a seasonal pattern of
cercarial emergence, with the greatest proportion of snails shedding cercariae in the fall (Miller
and Northup 1926, McDaniel and Coggins 1972). The result of the seasonal migration of I.
obsoleta and temperature dependent emergence of cercariae is an increasing exposure to
cercariae across the summer and early fall for second intermediate nereid worm hosts.
Seasonal variation in abiotic and biotic factors have been directly linked to trematode
infection within second intermediate hosts. A study of the trematode Meiogymnophallus minutus
found seasonal development of daughter sporocysts (cercariae generating sporocysts) within the
first intermediate host and a corresponding seasonal increase in infection among the second
intermediate host Cerastoderma edule (Fermer et al. 2010). A study of the trematode
Diplostomum spathaceum and its second intermediate host Salvelinus fontinalis found that
seasonal water temperature variation correlated with changes in cercarial availability, and peak
cercarial availability coincided with peak trematode acquisition among trout (Brassard et al.
1982). Seasonal variation in the cercarial emergence rate of Himasthla quissetensis from
Nassarius reticulatus has been correlated with metacercariae infection in the cockle
Cerastoderma edule (de Montaudouin et al. 2016).
Similarly, a seasonal increase in Z. rubellus metacercariae infection within nereid worms
was observed. Infection prevalence of Z. rubellus was significantly higher at the end of the
exposure season than at the beginning of the exposure season in both N. succinea and A. virens.
Infection intensity of Z. rubellus within N. succinea and A. virens was also significantly higher in
the fall than the spring (Figure 1.19). In contrast, no effect of season was observed in H.
diversicolor populations. The species-specific differences in seasonal patterns of infection
prevalence may be a result of differences in local site dynamics from which each worm species
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was surveyed. Hediste diversicolor was only observed at site A, whereas N. succinea and A.
virens were only observed in sufficient numbers for analysis at site D (Figure 1.19). Not only
was there no seasonal effect on infection patterns in H. diversicolor, but the magnitude of
infection observed in the seasonal surveys was substantially higher than what was observed
during yearly surveys (mean infection intensity > 30 metacercariae/worm in the seasonal surveys
versus infections varying between 2.8 and 15.7 metacercariae/worm in the yearly surveys; Figure
1.19 and Figure 1.12). The infection intensity observed in the seasonal surveys for both N.
succinea and A. virens was consistent with the infection intensities observed in the yearly
surveys.
Seasonal surveys were conducted in a different part of the mudflat than the yearly
surveys to minimize the possibility of the surveys impacting each other. At site D, where N.
succinea and A. virens were observed in the seasonal surveys, the mudflat is relatively uniform.
The seasonal and yearly surveys were conducted on opposites sides of the mudflat, but otherwise
the habitat was similar. Site A is more variable. The region where the yearly surveys were
conducted was higher in elevation and dominated by large patches of drift algae; the seasonal
surveys were conducted on an area of the flat with substantially less drift algae and a gentler
slope. Snail density was not quantified as part of the seasonal surveys, but it was anecdotally
noted that at site A there were fewer snails, particularly the small snails that dominated the
yearly surveys. Small snails were less likely to be infected and thus there may be a lower parasite
exposure rate for worms in the area of the site where yearly surveys were conducted.
Studies of infection among I. obsoleta in other regions have shown that trematode
infected snails can display distinct distribution patterns within sites (Curtis and Hurd 1983,
Curtis 1990, 2007, Rossiter and Sukhdeo 2012). A small scale survey conducted at a salt marsh
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within Great Bay Estuary also found distinct distributions among different sub-habitats, but also
found substantial movement of snails between areas of the site and corresponding significant
temporal variation in infection prevalence patterns (Altman 2010). Cumulatively, these studies
suggest that trematode infected snails may show distinct spatial patterning within sites, but the
strength of these patterns are likely site and regionally specific. Within site spatial distribution
dynamics of I. obsoleta are unknown, but it is possible that there is a strong spatial patterning of
Z. rubellus infected snails at site A. However, because there was no overlap in site and nereid
worm species observations, it is impossible to disentangle the effect of site and host species on
seasonal infection patterns.

Comparison of Z. rubellus infection patterns in first and second intermediate hosts
There was substantial variation in infection patterns within and between hosts, however
some general patterns were observed when comparing Z. rubellus distribution within first and
second intermediated hosts. (1) Infection prevalence of Z. rubellus among the first intermediate
host was lower than the infection prevalence among the second intermediate hosts (rarely
exceeding 30% in I. obsoleta and often over 80% in two of the nereid species; Figure 1.6 and
Figure 1.11). (2) First intermediate hosts were rarely observed simultaneously infected by
multiple trematodes species (Table 1.2), but second intermediate hosts were frequently observed
hosting multiple species.
These differences between first and second intermediate hosts are likely driven by the
unique life history characteristics of the respective infective larval stages for each host. The
infective stage for the first intermediate host, miracidium, is released with the feces of the
definitive hosts. Thus the distribution of miracidia is defined by the distribution of the definitive
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host (Smith 2001, Byers et al. 2015). The definitive hosts of Z. rubellus (fish) are much more
dispersed and mobile than the first intermediate snail host I. obsoleta and therefore likely
dispersing miracidia cross a larger geographic area than habitats in which I. obsoleta are found
(resulting in a low density of miracidia). Furthermore, miracidia are poor swimmers, utilizing
cilia to swim, which limits their dispersal and decreases the likelihood of a miracidium
encountering a host before its stored energy resources are depleted. Thus it has been proposed
that for I. obsoleta, miracidia are the limiting factor for infection (Curtis 2009). Among I.
obsoleta, one field study estimated the probability of acquiring any trematode infection to be
1.6% (Curtis 1996). Such low rates of infection acquisition, particularly in densely populated
habitats, would likely result in low prevalence of any one parasite species (Esch et al. 2001). The
high total population infection observed at some sites in this study (e.g. sites B, C, and D; Table
1.2) may be a result of accumulation over time since I. obsoleta live many years and trematode
infections within I. obsoleta are likewise long lived (Curtis 2003).
Given that I. obsoleta is host to several trematode species, it is also possible that indirect
competitive interactions among trematodes within the snail host may minimize the likelihood of
any one species dominating a community and may also explain the low occurrence of multispecies infections. In this study, the mean prevalence of multi-species infections within I.
obsoleta across sites A-D was 4% (12mm+ shell length) or 2% (total population) (Table 1.2).
Previous studies have reported similarly low prevalence of multi-species infections in I. obsoleta
(Vernberg et al. 1969, Curtis 2003, 2009, Rossiter and Sukhdeo 2012). A meta-analysis of snailtrematode studies found that multi-species infections accounted for just over 6% of trematode
infections of first intermediate snail hosts (Kuris and Lafferty 1994). This commonly observed
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low prevalence of multi-species infection among first intermediate hosts may be indicative of
competition between trematodes within the host.
Sporocysts/redia asexually reproduce within the first intermediate host until they have
overtaken the reproductive gland. This habitat use makes the host a finite resource, which has the
potential to create competition (direct or indirect) (Kuris and Lafferty 1994). Competitive
interactions have been documented between some trematodes within hosts, resulting in either the
exclusion or suppression of one trematode species (Sousa 1993, Lafferty et al. 1994). A
Himasthla sp. that infects the California horn snail, Cerithideopsis californica, has been
documented to develop defensive redia within its snail host to directly compete with conspecific
trematodes it may encounter (Hechinger et al. 2011). Among I. obsoleta, when multi-species
infections occur they often involve either Z. rubellus or G. adunca (both sporocysts species)
(Vernberg et al. 1969, Curtis 2003). Within this study, Z. rubellus was the trematode species
most often in multi-species infections. Stephanostumum tenue, which had a similarly high
abundance as Z. rubellus, was observed in the same number of multi-species infections L.
setiferoides, which had a significantly lower prevalence across the study (Table 1.2). Across all
multi-species infections observed in I. obsoleta in this study, very rarely were two redia
producing species found co-infecting. Rarely were H. quissetensis and L. setiferoides found coinfecting the same individual (observed only once in this study in a triple infection with Z.
rubellus) (Vernberg et al. 1969). These species-specific observations of co-infections suggest
that direct or indirect competitive interactions may occur in I. obsoleta.
However, the relative importance of trematode competition and colonization in driving
prevalence patterns within first intermediate hosts is dependent upon a variety of factors
including the life histories of the parasites and hosts, spatial heterogeneity, and site
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characteristics (Mordecai et al. 2016). There is limited evidence of competition between
trematode parasites of I. obsoleta. One double infection in I. obsoleta was documented to persist
for 2 years (Curtis and Tanner 1999). The low rate of trematode acquisition amongst I. obsoleta
(Curtis 1996) and long duration of trematode infections (Curtis 2003) suggest that spatial
heterogeneity and larval trematode input may be more important drivers of trematode prevalence
patterns (Esch et al. 2001, Poulin 2001, Curtis 2002).
The dynamics shaping infection patterns among nereid worm hosts are driven by the
unique characteristics of the larval stages interacting with the second intermediate hosts. While
acquisition of trematode infection among first intermediate host I. obsoleta, may be low,
cercariae infection of second intermediate hosts may occur at a higher rate. Success of a single
cercariae is likely low given the short lifespan and short infectivity period, estimated at less than
24 hours for most species (Lowenberger and Rau 1994, de Montaudouin et al. 2016). However,
first intermediate hosts can release hundreds of cercariae in a day (Bell et al., 1999; de
Montaudouin et al., 2016; Prinz et al., 2011; personal observation) and first intermediate hosts
are found in close proximity to second intermediate hosts, which can result in high exposure
intensity of cercariae. Host encounter rate has been documented as a primary driver of infection
patterns of an echinostome trematode using three gastropod species as second intermediate hosts
(Detwiler and Minchella 2009). Furthermore, there is little evidence of interaction between
metacercariae within the second intermediate host (for exceptions see Lagrue and Poulin, 2008).
Metacercariae individually infect the second intermediate host, migrate to a favorable location
within the host, and then encyst with minimal activity thereafter. Multiple metacercariae of
multiple trematode species were commonly found simultaneously co-infecting nereid worms.
The life history dynamics of cercariae and metacercariae and the spatial distribution of the first
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intermediate host relative to the second intermediate host increase the likelihood of infection and
accumulation of metacercariae within second intermediate hosts. This likely accounts for the
generally high infection prevalence of Z. rubellus and multi-species infections that was observed
among nereid worms in this study (Figure 1.11).
While infection prevalence among nereid worms was relatively uniform across years,
infection intensity was highly variable between individuals, sites, and time (Figure 1.12).
Temporal variation in infection intensity may reflect spatial heterogeneity of hosts and cercariae
along the benthos. Cercarial density is a function not only host density but also cercarial
emergence. Cercarial emergence has been linked directly to variation in metacercariae intensity
within second intermediate in a snail-trematode-cockle system (de Montaudouin et al. 2016).
Cercarial emergence patterns were correlated with metacercaria accumulation in the second
intermediate cockle host. Cercariae emergence and density were not measured in this study, but
the density of Z. rubellus infected snails was strongly correlated with infection patterns among
nereid worms (Figure 1.17). Cercariae density should be correlated with density of infected first
intermediate hosts and thus may serve as a proxy for cercarial density.
The distinct differences in infection patterns between first and second intermediate hosts
highlight the different dynamics driving host parasite relationships between first and second
intermediate hosts. Few studies have simultaneously investigated first and second intermediate
hosts of a trematode. One such study documented no seasonal variation in infection prevalence
among the first intermediate host, but observed seasonal development of daughter sporocysts and
observed a correlated increase in infection intensity of metacercariae among the second
intermediate host (Fermer et al. 2010). This is consistent with the observations in this study of
different infection patterns between first intermediate host I. obsoleta and second intermediate
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nereid worm hosts and the seasonal increase in infection intensity observed among nereid worms
(Figure 1.19). In contrast, a study of a trematodes utilizing a snail as first intermediate host and
amphipod as second intermediate host found low infection prevalence in both first and second
intermediate hosts and second intermediate hosts rarely harbored more than a single
metacercariae (Hansen and Poulin 2006). This is in stark contrast to the observation in this study
system of higher prevalence among second intermediate hosts. The authors suggested the low
prevalence observed in the second intermediate host may be due to the tailless morphology of the
cercariae. However, Z. rubellus is also a tailless cercariae and infection prevalence and infection
intensity were comparatively high in the second intermediate nereid worm hosts. Comparisons
across these studies highlight the common characteristics of the complex host-trematode
systems, but also emphasize that there are unique factors that significantly shape these
interactions. To determine if there are any generalized patterns more concurrent studies of first
and second intermediate dynamics need to be conducted.
Despite the substantial difference between Z. rubellus infection patterns among I.
obsoleta and the nereid worms, the best predictor of infection among second intermediate hosts
was infection among the first intermediate host I. obsoleta (Figure 1.17). Infection prevalence of
Z. rubellus was less than 10% in both I. obsoleta and the nereid worms at sites E and F (except
H. diversicolor at site E where prevalence was 17.5%; Figure 1.6 and Figure 1.11). Prevalence of
Z. rubellus was over 80% at all other sites for H. diversicolor and N. succinea, and over 40% for
A. virens. This pattern is expected as I. obsoleta is the carrier of the infective stage of Z. rubellus;
cercariae are short-lived with limited mobility capabilities and must therefore exit the first
intermediate host in close proximity to the second intermediate host to continue the life cycle.
The high infection prevalence among nereid worms reflects the large numbers of cercariae to
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which worms are exposed during the summer months. Ilyanassa obsoleta often form dense
aggregations in the intertidal mudflats (Brenchley and Carlton 1983, Kelaher et al. 2003) and can
shed upwards of 300 Z. rubellus cercariae in a day (see Chapter 2). Such high exposure makes it
very likely that any individual worm will encounter multiple cercariae and become infected.
Encounter rate is a primary driver of infection intensity among second intermediate hosts
(Detwiler and Minchella 2009). Thus, it would be expected that unless there is a long term
sustained negative population change in the first intermediate host or a mass mortality of the
second intermediate host, the trematode population is likely to remain relatively stable within the
second intermediate hosts, and likely also within the definitive hosts that inhabit or frequent
these sites. This stability was reflected in infection prevalence among nereid worms (Figure
1.11).
Infection intensity within nereid worms was more variable than infection prevalence.
However, infection patterns in first intermediate host I. obsoleta was still the best predictor of
infection patterns among the nereid worms. Infection intensity of Z. rubellus within H.
diversicolor and A. virens was strongly correlated with the density of Z. rubellus infected I.
obsoleta (Figure 1.17). This suggests that the number of cercariae on the benthos is likely the
primary driver of infection. However, there was no correlation between density of infected snails
and infection intensity of Z. rubellus in N. succinea (Table 1.6), which suggests other factors
likely play an important role in infection patterns. Host behavior and abiotic factors that affect
the survival and activity of the cercariae may play an important role in determining infection
intensity within worms (Thieltges and Rick 2006, Lei and Poulin 2011, Bommarito et al. 2020).
Site morphology can also create localized variation in flow rate within a site, which may affect
cercariae ability to encounter hosts, such as has been suggested to explain the spatial variation in
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trematode infections among I. obsoleta (Curtis 2009). Each of the study sites vary in
temperature, salinity, aerial exposure time, vegetation, sediment type, shore slope, water flow
rate, and other environmental factors. These characteristics were not quantified for each site, but
they could play important roles in the infection success of cercariae.

Host population factors and Z. rubellus
No correlation was found between first intermediate host density or shell characteristics
and infection prevalence. A study of infection in the snail Littorina littorea similarly found no
correlation between host density and infection prevalence (Byers et al. 2008). Other studies have
found a dilution effect of host density, with density of infected snails increasing with snail
population density, but infection prevalence decreasing with snail population density (Ewers
1964, Buck et al. 2017). A dilution effect was only observed when large recruitment events were
documented among I. obsoleta. A study of infection among the bivalve Neolepton cobbi found
host density was negatively correlated with infection (Presta et al. 2014). This correlation was
driven by low infection among small newly recruited bivalves and mortality of larger (infected)
bivalves.
Although snail size did not correlate with infection prevalence among I. obsoleta,
parasitic infection had a significant effect on I. obsoleta shell morphology. Infected snails were
larger than uninfected snails (Figure 1.4). This pattern has been frequently observed in first
intermediate gastropod hosts of trematodes, including Ilyanassa obsoleta (Curtis and Hurd 1983,
Sousa 1983, Curtis 1995, Sorensen and Minchella 2001, McCarthy et al. 2004). While in many
gastropod species, the size difference between infected and uninfected snails is attributed to
increased growth, studies of I. obsoleta have found that trematode infection decreases the growth
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rate of I. obsoleta (Curtis 1995, Curtis et al. 2000). Another study found I. obsoleta infected with
Z. rubellus had significantly heavier shells than uninfected snails or snails infected with other
trematodes, but did not find any effect of parasitic infection on shell length (Cheng et al. 1983).
Increased shell weight (presumably through thickening of the shell) would be consistent with a
decreased growth rate. Any energy allocated for shell growth may be applied to shell thickening
rather than growing the leading edge of the shell if the snail’s body tissue was not growing.
In addition to size differences, infected and uninfected snails had different shell length to
aperture thickness patterns (Figure 1.5). Among uninfected snails, there was a strong positive
correlation between shell length and aperture thickness. This is the expected pattern of increasing
shell thickness with increasing size and age. In contrast, aperture thickness of infected snails was
only weakly correlated with shell length and trended at being thinner for a given shell length.
The variation in aperture thickness was significantly larger for infected snails than uninfected
snails. The cause of the high variation in aperture thickness among infected I. obsoleta is
unknown, but this observation is suggestive of a higher incidence of shell (specifically aperture)
damage among infected snails. Aperture damage can result in both thicker and thinner aperture
measurements depending on if the snail has started repairing the leading edge of the shell.
Aperture damage is indicative of failed predation attempts by crabs, such as the European
green crab Carcinus maenas, which is a documented predator of I. obsoleta (Atema and Stenzler
1977, Ashkenas and Atema 1978, Ridlon 2018), and was commonly observed at the survey sites.
The variation in shell morphology among infected snails may be a consequence of increased
encounters with crab predators. Trematode infected I. obsoleta display distinct vertical
distribution patterns (Curtis 1987, 1990, McCurdy et al. 2000, Rossiter and Sukhdeo 2012) and
parasite induced movement patterns (Curtis and Hurd 1983, Curtis 2005, Rossiter and Sukhdeo
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2012). Such behavioral modifications may affect encounter rates with predators. Trematode
infection may also alter the predator avoidance behaviors (Levri 1998, Bernot 2003, Kamiya and
Poulin 2012). Only one study has investigated the interaction between predation and parasitism
in I. obsoleta. In laboratory experiments, predation cues induced avoidance behaviors, but
infection status had no effect on the likelihood of a snail displaying avoidance behaviors
(Mccarty-Glenn 2017). Foraging motivation was not manipulated in that study. Foraging and
predation avoidance trade-offs may be altered by parasitic infection (Kamiya and Poulin 2012).
Parasitic infection is energetically costly and can induced changes to movement patterns in I.
obsoleta (Rossiter and Sukhdeo 2012). In natural settings, where food resources are patchy, the
trade-off between foraging and predation avoidance may be different for uninfected and infected
snails leading to a higher predator exposure among infected snails.
Alternatively, the observed aperture thickness variation among infected I. obsoleta
(Figure 1.5), may be a consequence of reduced shell repair by infected snails. Shell repair is
energetically costly (Geller 1990). High energy costs of infection, resulting in body mass loss
when food resources are not abundant, have been demonstrated in I. obsoleta infected with
Himasthla quissetensis (Rossiter and Sukhdeo 2012). Such energetic costs could affect not only
growth but all behaviors including shell maintenance and repair. One study has investigated shell
regeneration in the marine snail, Maritrema novaezealandense, and found that the rate of shell
repair did not differ between infected and uninfected snails (MacLeod et al. 2018). No other
studies have investigated the interaction of trematode infection and shell damage and thus it is
unknown if the pattern observed in M. novaezealandense is more broadly applicable to other
snail-trematode systems, including I. obsoleta. Understanding the interaction between trematodes
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and shell quality is important for understanding how these organisms interact because shell
quality affects mortality risk (MacLeod et al. 2018).

Trematode communities
In addition to Z. rubellus, six other trematode species were found to infect I. obsoleta in
Great Bay Estuary (Table 1.2). Similar patterns of high spatial and temporal variation were
observed among these trematodes. Each species had a distinct spatial distribution and abundance
pattern (Figure 1.7). Zoogonus rubellus and S. tenue were the most abundant species across all
sites, with rare exceptions (Table 1.2). Previous surveys of I. obsoleta in Great Bay Estuary also
found Z. rubellus and S. tenue to be the most common trematodes (Altman 2010). Trematode
species differentially affected I. obsoleta: snails infected with Z. rubellus and S. dentatum were
larger than snails infected with S. tenue or L. setiferoides. Previous studies of I. obsoleta have
similarly found size differences between different trematode species (McCurdy et al. 2000). The
observed size difference is likely due to older age of infected snails because trematode infection
is reported to decrease growth rate of I. obsoleta (Curtis 1995, Curtis et al. 2000).
Nereid worms were also found to host multiple trematode species within Great Bay
Estuary. In addition to Z. rubellus, two other trematodes were found within the nereid worms. An
encysted metacercariae, Himasthla sp., was found at all sites; this species is likely either a first
observation of H. quissetensis (which also uses I. obsoleta as a first intermediate host) in nereid
worms or H. elongata (first intermediate host is the common periwinkle Littorina littorea) which
has been previously reported to infect nereid worms. A survey of Littorina sp. at three sites within
Great Bay Estuary, including Adam’s Point (site B) and Scammel Bridge (site D) found no
Littorina littorea infected with H. elongata (and no L. saxatilis) (Blakeslee et al. 2012). A brief
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early investigative survey I conducted near site D found no infected L. littorea. Ilyanassa obsoleta
infected with H. quissetensis were found at every site with a prevalence up to 18% (Table 1.2). It
is most likely that the Himasthla sp. observed in the nereid worms was H. quissetensis and not H.
elongata. Unencysted cercariae of Lepocreadium setiferoides were also found and were
particularly prevalent in N. succinea (Figure 1.15). Several polychaete worms have been
documented as second intermediate hosts (McCurdy et al. 2000), but none of the L. setiferoides
observed within the nereid worms had metamorphosed into metacercariae and encysted,
suggesting that nereids may be a dead end host for L. setiferoides.
Infection prevalence and intensity patterns of the Himasthla sp. and L. setiferoides were
spatially and temporally variable and species specific (Figure 1.14 and Figure 1.15). Infection of
both the Himasthla sp. and L. setiferoides increased across the summer season for all nereid
species (Figure 1.19). This contrasts with the observation of no seasonal change in infection of Z.
rubellus within H. diversicolor. The similarity in seasonal infection patterns of the Himasthla sp.
among all three nereid species suggests that differential mortality during the spawning season is
not the driver of the different Z. rubellus infection patterns observed between each nereid worm
species (if it were, it would similarly affect infection patterns of the Himasthla sp.). The
differences between the infection patterns of these different trematode species, suggest that H.
diversicolor interacts differently with Z. rubellus than the Himasthla sp. (e.g. the Himasthla sp.
may have a shorter lifespan than Z. rubellus within H. diversicolor). However, this study is the
first observation of the Himasthla sp. in nereid worms and thus nothing is known about their
interactions beyond the infection patterns observed in this study.
Infection of both Himasthla sp. and L. setiferoides was higher in N. succinea than H.
diversicolor or A. virens (Figure 1.15). Unlike for Z. rubellus, there was no correlation between
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snail infection patterns and Himasthla sp. infection patterns (Table 1.6). For L. setiferoides, there
was a correlation between infected snail density and infection intensity in H. diversicolor, but no
correlations among N. succinea or A. virens. The lack of correlation among A. virens is likely
driven by the low observation of L. setiferoides infections. The factors driving trematode
infection accumulation in N. succinea remain unknown.

Conclusion:
Few studies have documented the spatial and temporal variation in the prevalence or
intensity of trematode populations, and those that do have focused predominantly on first
intermediate hosts (Curtis 2007; Rossiter 2012). This study provides information about temporal
variation in distribution patterns of Z. rubellus and its first and second intermediate hosts at two
temporal scales: annual and seasonal. The temporal variation observed in infection patterns
within nereid worm hosts was species specific. Little interannual variation was observed in the
prevalence or intensity of Z. rubellus in N. succinea, but there was a significant seasonal increase
in infection. In contrast, significant interannual variation was observed among H. diversicolor,
but no seasonal change was observed. The distinct biology and ecology of these organisms likely
contributes to the differences observed. Neanthes succinea appears to be more susceptible to
trematode infection than H. diversicolor or A. virens, though it is unknown if this is due to
physiological, behavioral, life history, or environmental differences between the nereid hosts.
More research is required to understand how the parasite population fluctuates annually,
but this study provides some baseline data to begin to understand the parasite population
dynamics. This study is one of the first concurrent surveys of both first and second intermediate
hosts. While there was substantial variation in infection patterns within and between hosts, a few
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general patterns were observed. Infection patterns among first intermediate hosts are correlated
with infection patterns among second intermediate hosts. However, this pattern did not hold true
for all second intermediate hosts, indicating other factors also play important roles in these
complex dynamics. Understanding the specific biology of each involved species will be critical
for separating out what factors drive these relationships.
The results of this study highlight the interaction between spatial and temporal scale in
trematode communities. Across the entire Great Bay Estuary system, there was no interannual
variation. Great Bay serves as an enclosed system for the first and second intermediate hosts of
Z. rubellus. This retention and the long duration of trematode infection among I. obsoleta
(estimated to last 10 years (Curtis 2003)) likely contributes to the consistency between years at
the larger spatial scale. Long term consistency in trematode populations is often observed. A
study of trematode infection in Littorina littorea found site specific differences within 9
percentage points across an 11-year survey gap (Byers et al. 2016). Studies of I. obsoleta
trematode infections in more southerly regions documented high retention of infected snails at
small spatial scales (microhabitats within sites) (Rossiter and Sukhdeo 2012). In contrast, both
this study and a previous study in Great Bay Estuary have documented substantial temporal
variation in trematode infections of I. obsoleta at site level spatial scales (Altman 2010). This
temporal variation at small spatial scales was observed in infection patterns among both first and
second intermediate hosts. The results of this study in conjunction with previous studies on I.
obsoleta and Z. rubellus (Curtis and Hurd 1983, Curtis 1993, 2007, Altman 2010, Rossiter and
Sukhdeo 2012) highlight the importance of investigating the same species associations in
different regions and habitats where environmental conditions contribute to different ecological
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outcomes. Understanding these temporal patterns will help to provide insight into how the
functional role of Z. rubellus might change across the year.
Zoogonus rubellus utilizes commercially valuable fishes, flounder and American eel, as
its definitive hosts. Little is known about what impacts the parasite might have on these fishes.
One survey of smooth flounder Liopsetta putnami from Great Bay Estuary found year-round
infection of Z. rubellus, but did not detect any clear pathogenicity (Burn 1980). However, even if
there is minimal impact on the fish and their populations, it is generally undesirable to harvest
heavily parasitized fish for market. Understanding the distribution patterns and dynamics that
drive infection among the first and second intermediate hosts can provide critical insight into the
infection patterns among the definitive hosts. A study of one trematode in I. obsoleta
demonstrated that surveys of the first intermediate snail host could be used to predict the
population size of the definitive turtle host (Byers et al. 2011).
The correlation between density of Z. rubellus infected I. obsoleta and infection intensity
among nereid worm hosts suggests that monitoring of first intermediate hosts may be an
effective way to track trematode populations and infection risk within communities. This model
has been used in other systems (Byers et al. 2011, 2014). However, this study also found that
neither first intermediate infection patterns nor second intermediate host density correlated with
density of Z. rubellus metacercariae (Figure 1.13). This distinction may be meaningful
depending on how second intermediate and definitive hosts interact. If definitive hosts consume
few second intermediate hosts, then tracking infection intensity among second intermediate hosts
(or proxies thereof) may be a useful strategy. However, if the definitive host consumes large
numbers of second intermediate hosts, as do the definitive hosts of Z. rubellus, then tracking
infection intensity patterns alone may be insufficient in a habitat (such as site A of this study)
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where there are few infected first intermediate hosts and low infection intensity among second
intermediate hosts, but high prevalence of infection and density of second intermediate hosts. It
remains to be determined how closely infection patterns among the second intermediate hosts
correlates with infection risk and actual infection among the definitive hosts. Thus,
understanding interaction between host species and the specific ecological patterns of given site
is essential for understanding epidemiological patterns.
Parasites are often excluded from ecological studies, in part because the difficulty of
identifying infections, but their importance is being increasingly recognized. Parasites are
significant within ecological communities, increasing food web complexity (Lafferty et al. 2008,
Dunne et al. 2013). Basic research into parasites as a group and also individual parasite species is
critical for understanding how ecological communities function. Continued research into the
population demographics will provide important information about how these organisms’
populations change and how they might potentially affect other species within their habitats.
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CHAPTER 2 : CERCARIAL EMERGENCE PATTERNS OF ZOOGONUS RUBELLUS AND
INFECTION RISK TO SECOND INTERMEDIATE HOSTS

Introduction:
The effect of trematodes on their second intermediate hosts is complex, in part because
second intermediate hosts interact with two different life stages of the trematode: the free living
cercariae and the internal encysted metacercariae. These two life stages interact with the host in
very different ways. Understanding the potential effects of trematodes on their second
intermediate host(s) will therefore require an understanding of how they interact at each stage.
The cercariae are the infective stage that make initial contact and penetration of the host.
Cercariae are short lived (most surviving 24-48 hours outside the host) (Lowenberger and Rau
1994, Thieltges and Rick 2006, de Montaudouin et al. 2016, Bommarito et al. 2020). This makes
the timing of exit from the first intermediate host critical for optimal chance of survival to the
next life stage (Studer and Poulin 2013a).
Cercarial emergence should occur when the first and second intermediate hosts are
aligned in the same location to maximize the probability of any cercariae surviving to find a host.
One mechanism by which cercariae time shedding is by responding to external biotic and abiotic
cues. Trematodes’ cercarial emergence has been demonstrated to be affected by host exudates
(Mouritsen 2002c), first intermediate host diet (Sindermann et al. 1957, Rondelaud et al. 2002,
Belfaiza et al. 2004), first intermediate host activity (Mouritsen 2002c), temperature
(Sindermann et al. 1957, Lyholt and Buchmann 1996, Mouritsen 2002a, Thieltges and Rick
2006, Koprivnikar and Poulin 2009a, Soliman 2009, Studer et al. 2010, Prinz et al. 2011, Shim et
al. 2013, Koprivnikar et al. 2014, Choo and Taskinen 2015, de Montaudouin et al. 2016,
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Prokofiev et al. 2016, Al-Jubury et al. 2020), light cycle (Craig 1975, Lowenberger and Rau
1994, Lyholt and Buchmann 1996, Bell et al. 1999, Mouritsen 2002c, Karvonen et al. 2004,
Prinz et al. 2011, Ray and Agrawal 2015, de Montaudouin et al. 2016, Prokofiev et al. 2016),
salinity (Sindermann et al. 1957, Mouritsen 2002c, Koprivnikar and Poulin 2009a, Lei and
Poulin 2011, Studer and Poulin 2012, Koprivnikar et al. 2014, Bommarito et al. 2020), heavy
metals (Soliman 2009), and water level (Koprivnikar and Poulin 2009a, Prinz et al. 2011).
Host alignment is a significant obstacle for successful transmission for Z. rubellus
because its hosts are only in the same habitat seasonally. The second intermediate polychaete
hosts are found in the shallow intertidal mudflats year-round, but the first intermediate host
Ilyanassa obsoleta migrates subtidal seasonally in cold temperate habitats to avoid the freezing
temperatures and ice formation that occur on the mudflat during the winter (Batchelder 1915,
Sindermann 1960). This physical separation of hosts means that the opportunity for transmission
from the snail host and risk of infection for the worm hosts varies throughout the year. Abiotic
factors drive the seasonal divergence of the host species, and thus it is likely that these same
abiotic factors may serve as important factors regulating cercarial shedding and affecting when
second intermediate hosts are at greatest risk of infection.
In temperate habitats such as the Northwest Atlantic, distinct seasonal patterns are
commonly observed in animal behaviors and development, including those of trematodes.
Trematode production and release of cercaria has been demonstrated to occur seasonally, often
peaking in warmer months (Shim et al. 2013, Ray and Agrawal 2015). Two studies from sites
south of Cape Cod, Massachusetts, USA found that several trematode species utilizing Ilyanassa
obsoleta, including Zoogonus rubellus, shed significantly more cercariae in the fall as compared
to all other seasons (Miller and Northup 1926, McDaniel and Coggins 1972). The authors
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suggested that moderate temperature was the primary driving factor for the observed seasonal
shedding pattern. Water temperatures are substantially warmer south of Cape Cod
Massachusetts than in the Gulf of Maine; mean water temperature in the fall months is similar to
peak water temperatures in the late summer in the Gulf of Maine. Studies of a few of the
trematode species infecting I. obsoleta have similarly found temperature to affect cercarial
shedding (Austrobilharzia variglandis (Sindermann et al. 1957), Gynaecotyla adunca (Shim et
al. 2013, Koprivnikar et al. 2014), Himasthla quissetensis (de Montaudouin et al. 2016)).
However, temperature is not the only factor that may affect Z. rubellus and its hosts. These
organisms live in an estuarine habitat with daily and seasonal fluctuations in a variety of abiotic
factors. Perhaps the most significant of these abiotic factors, is salinity. Salinity fluctuates both
daily with the tide and seasonally with snowmelt and rainstorms, making it a likely factor to
influence cercariae.
The goal of this study was to assess the effect of abiotic factors, specifically temperature
and salinity, on the cercarial shedding of Z. rubellus from I. obsoleta, with a focus on the
temperatures observed early and late in the summer season, and indirectly assess the infection
risk for the second intermediate nereid worm hosts.

Methods:
Effect of temperature and salinity on cercarial shedding
To determine if temperature and salinity affect cercarial shedding patterns a series of
assays were performed. Ilyanassa obsoleta were collected from a mudflat next to Scammel
Bridge in Dover, NH and then individual snails were isolated in separate chambers with 15 ml of
seawater for 24 hours in a temperature-controlled room with a 12-hour light dark cycle. Five
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snails were put into each of the following treatments: (1) 10° C, 15 ppt; (2) 10° C, 32 ppt; (3) 15°
C, 15 ppt; (4) 15° C, 32 ppt. After 24 hours each isolation chamber was visually surveyed under
a dissecting microscope for Z. rubellus cercariae. For each chamber, the presence or absence of
cercariae was recorded and a rank score estimating the number of cercariae present was also
recorded. Rank score was as follows: 0 for no cercariae, 1 for 1-50 cercariae, 2 for 50-200
cercariae, 3 for 200+ cercariae. Following the assay, all snails were tested twice for cercarial
shedding at 20° C and 32 ppt to determine if they were infected with active Z. rubellus
sporocysts. Preliminary assays found that Z. rubellus cercariae can be induced to shed in the
laboratory at warmer temperatures. Any snails that did not release in these checks were
presumed to be either uninfected with Z. rubellus or infected with immature infections, and
therefore not viable test subjects for this assay.
To determine how salinity affects cercarial shedding of Z. rubellus by I. obsoleta, two
salinity assays were conducted. In salinity trial one, the same protocol as described above was
used with the following changes. Snails were collected from Bellamy Preserve. Prior to use in
trials, snails were maintained in the lab for two weeks at 10° C with algae. One week prior to the
trial, snails were moved to one of three group tanks at 15° C and 10, 20, or 30 ppt with access to
Ulva lactuca. Ilyanassa obsoleta experience this salinity range in the estuary. After one week
acclimation, individual snails were placed in isolation chambers for 24 hours. Ten snails were
placed in each treatment. After the trial, all snails were dissected to confirm infection status.
Assays were conducted at 15° C to prevent any effect of salinity on cercarial emergence from
being obscured by the effect of high temperature, which has been shown in other studies to
induce shedding. While 15° C is below the mean water temperatures in the warmest months of
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summer in Great Bay, snails were observed to reliably shed cercariae at this temperature within
the lab.
Salinity trial two modified the methods described above as follows: Ilyanassa obsoleta
were collected from Scammel Bridge and screened for infection by Z. rubellus by being placed
in individual jars of 32 ppt seawater at 20° C for 24 hours. This higher temperature was
previously found to rapidly induce shedding, likely as a stress response (personal observation).
Any snails that released Z. rubellus cercariae were maintained in a community tanks at 15° C and
10 ppt, 20 ppt, or 30ppr for two weeks prior to use in trials. This was to allow snails to rebuild
cercariae populations within the snail prior to the trial. Snails were then placed in individual
chambers for the cercarial release assay as described for salinity trial one. Thirty snails were
placed in each treatment. At the end of the assay, emerged cercariae were preserved in 95%
ethanol and then counted.

Great Bay Estuary temperature and salinity profile
Temperature and salinity data were obtained from NOAA’s National Estuarine Research
Reserve System’s National Monitoring Program. Data were sourced from three monitoring
buoys located in Great Bay, the Oyster River, and Portsmouth Harbor near the mouth of the
estuary. These three sites are representative of the environmental extent of the Great Bay
Estuary. Buoys in Great Bay and the Oyster River are removed during the winter to prevent
damage from ice and therefore data were only available for spring through fall of each year. The
dataset presented here is from January 2012 through December 2014. Daily mean temperature
and salinity were calculated and plotted.
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Statistics
All statistical analyses were conducted in JMP 15. To test for the effect of temperature
and salinity on the occurrence of cercarial shedding (presence/absence of shed cercariae) and the
rank value intensity of shedding, nominal logistic tests were conducted. The model included
salinity, temperature, and an interaction term between both factors. Independent nominal logistic
tests were also conducted to test for the effect of salinity on the rank value intensity of cercarial
shedding and on the occurrence of cercarial shedding in salinity trials 1 and 2. An ANOVA was
conducted to test for the effect of salinity on the intensity of cercarial shedding in salinity trial 2.

Results:
External environmental conditions of the artificial emergence chambers affected the
shedding patterns of Z. rubellus from I. obsoleta. In the temperature and salinity trial, no
cercariae were shed from snails in the 10° C/15 ppt treatment and all snails in the 15° C/32 ppt
treatment shed cercariae (Figure 2.1). There was no statistically significant interaction between
temperature and salinity on shedding occurrence (whole model χ2 = 11.8, p = 0.008, df = 3,
interaction effect χ2 < 0.001, p = 1, df = 1, temperature effect χ2 = 5.2, p = 0.022, df = 1, salinity
effect χ2 = 8.5, p = 0.004, df = 1) or shedding intensity (whole model χ2 = 19.6, p = 0.021, df = 9,
interaction effect: χ2 < 0.001, p = 1, df = 3, temperature effect χ2 = 4.2, p = 0.25, df = 3, salinity
effect χ2 = 9.5, p = 0.023, df = 3), but there was a significant effect of both temperature and
salinity. Snails at 15° C were more likely to shed cercariae than snails at 10° C (7/9 snails shed
cercariae at 15° C compared to 3/8 snail shed cercariae at 10° C), but the rank value intensity of
shedding was not significantly different between temperature treatments (Figure 2.1). Salinity
also had a significant effect on the cercarial shedding patterns of I. obsoleta. Snails at 32 ppt
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were significantly more likely to shed cercariae than snails at 15 ppt (7/8 snails shed cercariae at
32 ppt compared to 3/9 snails shed cercariae at 15 ppt). Snails at 32 ppt also released
significantly more cercariae than snails at 15 ppt (Figure 2.1); no snails at 15 ppt released more
than 50 cercariae, whereas 5/8 snails at 32 ppt released more than 50 cercariae.
Cercarial shedding patterns differed between salinity trials 1 and 2 (only salinity was
manipulated, and trials were conducted at 15° C). In salinity trial 1, there was no significant
effect of salinity on cercarial shedding, but there was a trend of increased shedding with
increasing salinity (Figure 2.2; χ2 = 6.9, p = 0.14, df = 4), consistent with the temperature and
salinity assay. In contrast to the temperature and salinity assay, all snails in salinity trial 1
released cercariae, regardless of salinity treatment. In trial 2, a different pattern was observed.
There was a significant effect of salinity on the occurrence of shedding with fewer snails at 10
ppt shedding cercariae than snails at 20 ppt (8/22 snails at 10 ppt did not shed, 0/27 snails at 20
ppt did not shed, and 3/22 snails at 30 ppt did not shed; χ2 = 14.9, p = 0.0006, df = 2). Cercarial
shedding intensity was also significantly affected by salinity; shedding by snails was
significantly higher at 20 ppt than 10 ppt, and shedding at 30 ppt was intermediate to 10 ppt and
20 ppt but not significantly different from either (Figure 2.3, ANOVA and Tukey’s test, p =
0.002, df = 2).
Daily mean temperature and salinity for Great Bay, the Oyster River, and Portsmouth
Harbor show substantial daily and seasonal variation. Mean daily temperature in Great Bay
ranges from 0° C to over 25° C across the year (Figure 2.4). In most years, the water
temperature in Great Bay is consistently over 10° C from late April to late October. Daily mean
water temperature can fluctuate 5° C in a week. Mean daily salinity is highly variable within
Great Bay across the year and does not follow a distinct seasonal pattern (Figure 2.5). Mean
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daily salinity in Great Bay ranges from 0 ppt to 32 ppt, but is typically between 15 ppt and 30
ppt. Daily mean salinity can fluctuate 10 ppt in a week. It is also highly variable between years

Frequency

(e.g. 2012 vs 2014).

100%
90%
80%
70%
60%
50%
40%
30%
20%
10%
0%

3
2
1
0
15 ppt

32 ppt

15 ppt

10 ◦C

32 ppt
15 ◦C

Treatment

Figure 2.1: Effect of temperature and salinity on the cercarial shedding of Z. rubellus from I.
obsoleta. Snails were scored 0-3: 0 = no cercariae emerged, 1 = 0-50 cercariae, 2 = 50-200
cercariae, and 3 > 200 cercariae. Each bar shows the proportion of snails from each group
(n10Cx15ppt = 4, n10Cx32ppt = 4, n15Cx15ppt = 4, n1Cx32ppt = 4) (Nominal logistic test whole model χ2 =
19.6, p = 0.021, df = 9, temperature effect χ2 = 4.2, p = 0.25, df = 3, salinity effect χ2 = 9.5, p =
0.023, df = 3, interaction effect: χ2 < 0.001, p = 1, df = 3).
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Figure 2.2: Salinity trial 1: cercarial shedding of Z. rubellus from I. obsoleta at 15° C and 10, 20
or 30 ppt (n10 = 7, n20 = 8, n30 = 8). Snails were scored 0-3: 0 = no cercariae emerged, 1 = 0-50
cercariae, 2 = 50-200 cercariae, and 3 > 200 cercariae. No significant differences between
salinity treatments (Nominal logistic test χ2 = 6.9, p = 0.14, df = 4).
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Figure 2.3: Salinity trial 2: mean cercarial shedding count from salinity acclimated snails (n10 =
22, n20 = 27, n22 = 22). Error bars represent standard error. Bars separated by different letters
were significantly different. Snails acclimated to 20 ppt shed significantly more cercariae than
those at 10 ppt (ANOVA and Tukey’s test, p = 0.002, df = 2).
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Figure 2.4: Mean daily water temperature from January 2012 to December 2014 in Great Bay,
Oyster River (a tributary of Great Bay Estuary), and Portsmouth Harbor (coastal outlet of Great
Bay Estuary). Data from NOAA NERR’s National Monitoring System.

Figure 2.5: Mean daily salinity from January 2012 to December 2014 in Great Bay, Oyster
River (a tributary of Great Bay Estuary), and Portsmouth Harbor (coastal outlet of Great Bay
Estuary). Data from NOAA NERR’s National Monitoring System.
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Discussion:
Understanding cercarial shedding patterns is the first step in understanding exposure risk
to second intermediate hosts and how these organisms may interact. The free living cercariae of
Zoogonus rubellus survive for only up to 70 hours (Shaw 1933), during which time they must
find a host. Thus, the parasite’s survival to the next life stage is dependent upon the timing of
shedding. Cercarial shedding patterns of Z. rubellus from the first intermediate host Ilyanassa
obsoleta in a controlled laboratory environment were significantly affected by two abiotic
factors, temperature and salinity.
Temperature affected the likelihood of cercarial shedding occurring; cercariae were less
likely to be shed at 10° C than 15° C (Figure 2.1). This is consistent with previous studies of
other trematode species that have demonstrated a depressive effect of water temperatures below
10° C on cercarial shedding (Lyholt and Buchmann 1996, Thieltges and Rick 2006). However,
temperature did not affect shedding intensity in this study. The lack of effect on shedding
intensity may be due to the low number of replicates. However, this difference from previous
studies may be due to the lower temperatures tested. Most studies have tested the effect of
temperatures above 15° C (e.g. Studer et al. 2010, de Montaudouin et al. 2016), including two
studies of I. obsoleta in the Bay of Fundy (Shim et al. 2013, Koprivnikar et al. 2014). In the
Great Bay Estuary system, water temperatures range from near 0° C to 25° C across the year
(Figure 2.4). Ilyanassa obsoleta migrate into the intertidal from the subtidal in late April or early
May. Mean daily water temperature is not consistently above 10° C until late April and
consistently above 15° C until late May or early June.
Based on water temperature, I. obsoleta may be shedding Z. rubellus cercariae in May,
but at relatively low intensity. Cercarial shedding, however, is dependent upon the availability of
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mature cercariae within the snail host. Cercariogenesis within the snail host is also temperature
dependent. While water temperatures may be warm enough to stimulate shedding from I.
obsoleta, daughter sporocysts within the snail host may not yet be mature enough to have
produced mature cercariae. Trematodes have a minimum development threshold temperature
below which the sporocysts or redia go into stasis (Morley and Lewis 2013). Excised sporocysts
of Z. rubellus were inactive at 12° C and below, suggesting they are unlikely to develop cercariae
below 12° C (Vernberg 1961). The minimum threshold temperature for Z. rubellus is not known,
however, it is likely around 10-12° C, a commonly reported threshold across trematode genera
(Morley and Lewis 2013).
Distinct from the minimum development threshold, trematodes also exhibit a minimum
emergence temperature threshold (the temperature below which cercariae are not shed) (Morley
and Lewis 2013). The low shedding observed in this study at 10° C suggests that the minimum
emergence temperature threshold for Z. rubellus may be near 10° C. Minimum emergence
temperature thresholds across genera have been reported between 5 and 17° C; one Zoogonidae
species, Diphterostomum brusinae, has been reported to have a minimum emergence
temperature threshold of 11° C (Gayevskaya 1972, Morley and Lewis 2013). Consistent with
these observations, one study found cercariae of Z. rubellus to be inactive at 12° C and below
(Vernberg 1961), suggesting transmission success would be low for cercariae at low
temperatures. Similarly, a survey of I. obsoleta in Maine, USA found emergence of
Austrobilharzia variglandis declined below 12° C and ceased at 8° C. Two field surveys of I.
obsoleta populations in warmer waters south of Cape Cod, Massachusetts, USA documented a
reduction of cercarial emergence across colder winter months (Miller and Northup 1926,
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McDaniel and Coggins 1972). Cumulatively, these observations suggest that cercarial
emergence of Z. rubellus is likely minimal below 10° C.
Minimum temperature thresholds for Z. rubellus around 10° C for cercariogenesis and
emergence are consistent with the seasonal migration patterns of I. obsoleta. In the Gulf of
Maine, I. obsoleta migrate into the shallow subtidal where they form large aggregations, burrow
into the sediment, and remain quiescent for the winter months (Sindermann 1960). If
cercariogenesis or emergence occurs during this period, transmission success would likely be
low. Thus, it is evolutionarily favorable for the temperature thresholds of Z. rubellus to coincide
with the temperatures that I. obsoleta experience in the intertidal. Together, these results suggest
that, depending upon the year, the temperature environment does not promote shedding until
mid-late May and shedding likely ceases early October, when temperatures again drop below 10°
C in the Great Bay Estuary.
While temperature affected the probability of cercarial shedding occurring, salinity had a
significant effect on shedding intensity (Figure 2.1). Regardless of temperature treatment, snails
shed significantly more cercariae at higher salinities. These results also suggest that at low
temperatures, salinity may play an important role in cercarial emergence. In the salinity trials
there was a general pattern of increased shedding of Z. rubellus at higher salinities, with little
shedding occurring at low salinity (10 ppt). This trend is consistent with other studies that have
found decreased cercarial emergence at low salinities (Lei and Poulin 2011, Studer and Poulin
2013b). Low salinity acclimated snails were less likely to shed cercariae, and when shedding did
occur from snails acclimated to 10 ppt, significantly fewer Z. rubellus cercariae were shed than
from snails acclimated to higher salinities (Figure 2.3). A study of the trematode Himasthla
elongata in the snail Littorina littorea in the Baltic Sea found low salinity induced an initial peak
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emergence of cercaria, but an overall reduction in cercarial emergence over time as compared to
higher ambient salinity environments (Bommarito et al. 2020). This suggests that shedding may
be induced by an initial stress response to an abrupt environmental change, while a long-term
acclimation induces a differential response (e.g. waiting for the host to move to a more favorable
environment).
The greatest cercarial emergence observed in this study occurred at 20 ppt (Figure 2.3). A
study of Austrobilharzia variglandis, another parasite of I. obsoleta, also found peak cercarial
emergence at salinities between 15 ppt and 25 ppt (Sindermann et al. 1957, Sindermann 1960).
This is consistent with the mean salinity experienced by I. obsoleta within the estuary. During
the summer months, when I. obsoleta is in the intertidal zone, salinity in the Great Bay Estuary is
approximately 20 ppt (personal observation). It fluctuates with the tidal cycle, but at most sites,
mean daily salinity rarely reaches the extremes of 10 ppt or 30 ppt (Figure 2.5). Reduced
cercarial emergences at extreme low or high salinities may be an adaptive response to maximize
the likelihood of contacting the second intermediate host. At extreme low salinities, nereid
worms reduce their activity, particularly Neanthes succinea and Alitta virens (Kristensen 1983)
and thus it may be more difficult for Z. rubellus cercariae to find a host at low salinities (from
tidal cycling or extreme weather events). Extreme high salinities are indicative of tide pools or
temporary pools at low tide, which are also not ideal environments for finding a host. Broader
scale salinity patterns also impact the distribution patterns of the nereid worm hosts. Alitta
virens, H. diversicolor, and N. succinea are all less common or absent from habitats with
salinities consistently below 15 ppt (Kristensen 1983, 1988). Thus, trematodes may be adapted to
maximally produce and release cercariae around 20 ppt, a salinity that is likely to indicate the
snail host is in an intertidal habitat where the second intermediate hosts are also found.
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The lack of a statistically significant effect in salinity trial one may be due to the
conditions in which the snails were maintained prior to the trial. Prior to the one-week
acclimation period, snails were maintained at 10° C in the lab. This low temperature likely
slowed or suppressed cercariogenesis, which would limit the number of available cercariae to be
shed. In addition, snails were abruptly moved from 10° C to 15° C for the start of the acclimation
period. This temperature shock likely induced cercarial shedding, which would likely reduce the
number of cercariae available to shed during the trial. Previous studies have shown that cercarial
emergence in some species is cyclical (Shostak and Esch 1990, Toledo et al. 1999, Vignoles et
al. 2006), and it has been proposed that this is due to the production of cercariae that creates this
cycle. If these pre-trial conditions inhibited or reduced the production or availability of cercariae,
it may explain the low cercarial release observed in salinity trial one.
The mechanisms that drive the responses of cercariae shedding to acclimated
environmental conditions is yet to be determined. Cercarial shedding response may be driven by
host activity as has been demonstrated in other trematode species (Anderson et al. 1976,
Mouritsen 2002c). Ilyanassa obsoleta reduces activity in salinity environments below 14 ppt
(Bergmann and Graham 1975). Thus, the decreased cercarial emergence observed in this study at
10 ppt may be an indirect consequence of decreased activity of the host snails, but this remains to
be determined. It is also possible that the release responses are simply physiological responses to
environmental stress. The sporocysts of Z. rubellus experience environmental conditions filtered
through their host and it is unknown if the parasite is responding directly to the abiotic changes
in the host (as I. obsoleta is generally a conformer to its external environment) or to the host’s
physiological stress response molecules. It may be that Z. rubellus can detect and respond to both
and this may allow for the plasticity of the parasite’s response to the abiotic environment.
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The differential response of cercarial shedding to salinity environments demonstrates the
plasticity of cercarial release behavior by Z. rubellus. Zoogonus rubellus has some ability to
modulate the timing and intensity of cercarial release based upon the external abiotic
environment. The greatest cercarial shedding was observed at 20 ppt, which is consistent with
the mean daily salinity environment when the probability of transmission from first to second
intermediate host is likely greatest. This suggests that the plasticity of the shedding response to
salinity is an adaptive trait that allows the parasite to increase the likelihood of continuing the life
cycle. Studies of other trematode species have found cercarial emergence patterns (and response
to abiotic factors) to match host distribution patterns (Brassard et al. 1982, Lowenberger and Rau
1994, Fermer et al. 2010, Prokofiev et al. 2016).
Abiotic conditions are important for not only timing cercarial shedding, but also for the
survival and activity of the cercariae. Once cercariae have emerged from their host, they are
subject to the external environmental conditions. As thermo- and osmo-conformers, cercariae
can suffer decreased function and survival at the extremes of their thermal and salinity limits.
Zoogonus rubellus cercariae are inactive at 12° C and cannot survive at temperatures above 36°
C (Vernberg 1961, Bray and Gibson 1986). Cercariae of Z. rubellus can also survive and display
normal activity for 12 hours at seawater dilutions up to ¾ freshwater (Stunkard and Shaw 1931).
It is unknown how these ranges of temperature and salinity environments affects transmission
efficiency. Low salinity decreased emergence, survival, and infectivity of the cercariae of
Himasthla elongata with increasing time at low salinity (up to two weeks post acclimation)
(Bommarito et al. 2020). Similarly, a reduction of 5-10 psu (comparable to 5-10 ppt) resulted in
significantly lower emergence of cercariae, probability of encysting, and survival of encysted
metacercariae of the trematode Philophthalmus sp. (Lei and Poulin 2011). However, at extremes,
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the effect of salinity on cercariae can be more complex. A pair of studies on the trematode
Maritrema novaezealandensis found salinity was positively correlated with the emergence and
survival of cercariae up to 40 psu (Studer and Poulin 2012), but that cercarial survival was lower
at 40 psu than 35 psu (Studer and Poulin 2013a). Such differential effects on cercarial
emergence, survival, and infectivity have also been documented in response to temperature.
Higher temperatures increased the emergence of Renicola roscovita cercariae, and increased
their infectivity to the second intermediate host, but decreased cercarial survival (Thieltges and
Rick 2006). Such competing impacts of temperature highlights the importance of understanding
the impact of abiotic factors at multiple phases of the trematode’s life cycle.
This study only examined the emergence of cercariae from snails in a stable salinity
environment. However, I. obsoleta experience fluctuations in the salinity environment following
the tidal cycle. It is unknown how a cycling salinity environment might affect cercarial
emergence. This study establishes that salinity can affect cercarial emergence. The next step is
to replicate a more realistic salinity environment and determine how it affects cercarial
emergence patterns. Understanding the effect of tidal cycling will provide further information
for understanding exposure risk to second intermediate hosts on a short time scale.
Furthermore, this study only examined the effects of temperature and salinity within
ranges that regularly occur. The effects of more extreme temperature and salinity environments
(for example high temperature and/or high salinity that might be experienced in a tide pool) are
unknown. Temperature and salinity are only two factors that regularly fluctuate within estuaries;
there are many other abiotic factors that may also affect cercariae including aerial exposure,
turbidity, water flow rate, time of day, and olfactory cues. Exploratory studies I conducted
suggested that cercaria do not respond to olfactory cues derived from the worm host; such a
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response may not have evolved because the hosts are infaunal and likely do not emit strong
olfactory cues. Given the short lifespan of cercariae, each of these factors may be important cues
or obstacles for successful transmission of the cercariae and risk of infection to the hosts (either
through their impact on the host distribution or behavior or cercariae’s survival and behavior).
This study measured shedding at a single point in time, but other studies have shown that
cercarial shedding occurs in cyclical patterns, likely following the production and mass release of
cercariae by the sporocyst or redia within the first intermediate host (Shostak and Esch 1990,
Toledo et al. 1999, Vignoles et al. 2006). The intensity of shedding observed is thus not only a
function of the abiotic environment but also the production cycle of the sporocyst/redia. It is
likely that some of the high variation observed in the intensity of cercarial shedding within
treatments can be explained by this natural cycling of cercariogenesis by the sporocysts.
It is generally assumed that little to no production of cercariae occurs across the winter
months when I. obsoleta has migrated to subtidal waters. Two surveys of I. obsoleta across
seasons found minimal cercarial shedding during winter and spring (Miller and Northup 1926,
McDaniel and Coggins 1972). Reduced cercarial shedding in winter is consistent with the low
cercarial emergence of Z. rubellus observed at 10° C in this study (Figure 2.1). Studies
demonstrating the inactivity of Z. rubellus cercariae below 12° C (Shaw 1933, Vernberg 1961)
provide further evidence to support that cercaria are unlikely to be shed during the late fall,
winter, and early spring. This suggests that external abiotic factors can significantly alter the
production cycle of cercariae by sporocysts and suggests that the external abiotic environment
may also have more subtle impacts on the production cycles (such as slowing or accelerating the
production cycle). Further studies are needed to understand how these cyclical patterns interact
with external abiotic cues.
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The results of this study suggest that although I. obsoleta is in the intertidal as early as
May, infection risk to second intermediate hosts is likely relatively low until water temperatures
increase above 15° C in late May and risk decreases in early October when water temperatures
approach 10° C. Field surveys of I. obsoleta from the mid-Atlantic coast found the highest
cercarial shedding to occur in the fall, when water temperatures are still warm, but cooler than
peak summer months (McDaniel and Coggins 1972). In Great Bay Estuary, the risk of infection
to nereid worm hosts is likely greatest between July and September when water temperatures are
warmest (similar to fall water temperatures in the mid-Atlantic when peak cercarial emergence
was observed previous surveys (Miller and Northup 1926, McDaniel and Coggins 1972)). While
water temperature likely establishes the season of cercarial emergence for Z. rubellus through its
impact on cercariogenesis and emergence, salinity may play an important role in modulating
daily emergence in response to short term environmental events. While water temperature is
relatively stable, daily salinity is much more variable (Figure 2.4 and Figure 2.5). Salinity is
much more susceptible to daily weather events such as heavy rainfall. The results of this study
demonstrate the dynamic effects salinity can have on cercarial shedding. Relying on temperature
alone to predict infection risk to second intermediate hosts may miss potentially important
temporal variations. In addition, it is unknown how salinity and temperature might interact to
affect cercarial emergence across the full range of temperatures experienced by first and second
intermediate hosts.
The results of this study have implications for understanding how trematodes, and
specifically Z. rubellus might be impacted by climate change. Several studies have discussed the
possible effect of rising water temperature on trematode parasites. A meta-analysis of cercarial
emergence studies found a positive effect of temperature on cercarial emergence, suggesting that
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climate change will increase trematode transmission (Poulin 2006). However, studies comparing
the effect of temperature on the cercarial emergence of trematode species from the same first
intermediate host have found the trematode species had opposite responses to temperature
(Koprivnikar and Poulin 2009a, 2009b). Furthermore, the response of trematodes differs
significantly between populations suggesting local adaptations to temperature profiles and that
the actual effect of climate change will be much more nuanced (Koprivnikar and Poulin 2009b,
Prokofiev et al. 2016). In addition, a few studies have found that the initial increase in cercarial
emergence following a temperature increase is not sustained over longer time scales (hours
versus days or weeks) (Shim et al. 2013) A more recent meta-analysis found no effect of
temperature over optimum ranges and a negative effect of high temperatures (Morley and Lewis
2013), suggesting that the effect of climate change on trematode populations will depend on the
magnitude of the temperature increase.
Global warming will not only affect water temperature, but also a variety of abiotic
factors that may play important roles in shaping how organisms respond to climate change
(Marcogliese 2016). In coastal habitats changing salinity may also play a role in reshaping
trematode and host population and their interactions. The results of this study demonstrate that
cercarial shedding (and by extension cercarial density in the water column) can be altered by
salinity. In the estuarine environment, sustained changes to salinity may have the effect of
reducing cercarial emergence. This is the opposite effect predicted by models considering
temperature alone. Further studies need to be conducted to determine how periodic fluctuating
salinity with tidal cycles might affect cercarial emergence. Future models need to consider both
temperature and salinity to forecast the effect of climate change on cercarial emergence and
population infection dynamics.
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Conclusion
The dynamics controlling cercarial emergence are complex and influenced by host life
history, parasite life history, and the abiotic environment. This study demonstrated an effect of
two abiotic factors, temperature and salinity, which both fluctuate yearly, seasonally, and daily
within estuarine environments. Temperature and salinity fluctuate independently on different
temporal scales: temperature follows a distinct seasonal pattern, while salinity is subject to shortterm, periodic storm events. These two abiotic factors are likely to interact in complex ways
within estuarine environments to modulate cercarial emergence patterns and transitively affect
the infection risk to second intermediate hosts. Many studies have focused on the role of
temperature on cercarial emergence, but the findings of this study highlight the potentially
important role of other dynamic abiotic factors. Understanding the factors driving cercarial
patterns will help predict when infection exposure risk is greatest for second intermediate hosts
and will help explain complex dynamics between trematodes and their hosts.
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CHAPTER 3 : EFFECTS OF ZOOGONUS RUBELLUS INFECTION ON THE PREDATION
ACTIVITY AND GROWTH OF THE SECOND INTERMEDIATE NEREID WORM HOSTS

Introduction:
Trematodes have complex life cycles utilizing up to three different hosts. Most research
on the biology and ecology of trematodes has focused on the first intermediate host (almost
always a mollusk) and the definitive host (almost always a vertebrate). These studies have found
that trematodes can have significant impacts to host behavior (Lowenberger and Rau 1994,
Davies and Knowles 2001, Curtis 2007), survival (Bray and Gibson 1986, Huxham et al. 1993),
and reproduction (Cheng et al. 1973, Lafferty and Kuris 2009). For most trematodes, it has
generally been assumed that metacercariae have minimal, if any, impact on second intermediate
hosts. Consequently, few studies have specifically investigated the impact of parasitism on
second intermediate hosts.
However, some studies have found evidence that metacercariae can also have significant
effects on second intermediate hosts’ growth, behavior, and survival. The growth of blue
mussels, Mytilus edulis, infected with Renicola roscovita metacercaria, was reduced when in
abiotically stressful mid or high intertidal habitats (Thieltges 2006). In two other studies of hosts’
behavior, metacercaria infection decreased the burrowing behavior of cockles (Mouritsen and
Poulin 2005) and induced conspicuous swimming behaviors of California killifish (Shaw et al.
2009). Both cases promoted predator mediated transmission to the final host, and thus also
increased the mortality of infected individuals as compared to uninfected individuals.
Given the potential impacts of metacercariae on hosts, further investigation into the
relationship between second intermediate hosts and trematodes is warranted. The biology of the
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second intermediate host(s) is likely the most important biotic factor affecting successful
infection of cercariae. Second intermediate hosts interact with two life stages of trematode
parasites. First is the free-living cercariae stage. Hosts may avoid infection by preventing
penetration by the cercariae through behavioral avoidance mechanisms or physical barriers of the
epidermis (Combes 2005).
Trematodes often use many different species as second intermediate hosts, and each host
species may differ in their susceptibility to infection. Zoogonus rubellus uses three different
nereid worm species as second intermediate hosts (Chapter 1). While these three host species are
closely related and have similar behavioral patterns there are some distinctions in their vertical
distribution, environmental tolerances, feeding strategies, lifespan, and size (Kristensen 1984,
Nielsen et al. 1995) that could all affect how they interact with Z. rubellus (Watson 2013,
Johnson and Hoverman 2014, Johnson et al. 2019).
If a cercariae successfully penetrates the host, it is then faced with the immune system of
the host. The strength of the immune reaction of the host could affect the survival of the
metacercariae. Little is known about the immune response of second intermediate hosts, but it is
often presumed to be minor following the assumption that the parasite has minimal impact on the
host. Of the few studies that have documented effects of metacercariae on their hosts, the impact
of the parasite is often a consequence of the physical location of the parasite within the host.
Metacercariae encystment in the foot of its cockle host prevents burrowing (Mouritsen and
Poulin 2005), encystment in the brain of the California killifish induces conspicuous swimming
behaviors (Shaw et al. 2009), and encystment in palps and visceral mass of blue mussels interfers
with food uptake (Thieltges 2006). Surveys of Z. rubellus in its second intermediate host A.
virens have found that the metacercaria primarily encyst in the parapodia and areas of major
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blood flow (Shaw, 1933; personal observation). These locations suggest that Z. rubellus has the
potential to affect the metabolic activity of the host and mobility.
Any effects on the mobility of Alitta virens, has the potential to impact its predation
activity. A single study assessing the effect of Z. rubellus infection on predation rate of A. virens,
found decreased predation by individuals that had been exposed to cercariae (McCurdy and
Moran 2004). This study considered only short-term effects (immediately post-exposure to
cercariae) and did not monitor the growth of the host worms. If the documented negative effect
on predation is sustained, then infection by Z. rubellus could have detrimental effects on the
growth and reproduction of the host worms.
Few studies have investigated the effects of trematode infection on second intermediate
hosts, and even fewer have comparatively assessed the impacts on different second intermediate
host species of the same trematode species. The results of this study provides the first evidence
of the effect of Z. rubellus infection on the growth rate of A. virens and H. diversicolor. It will
also provide the first investigation into how infection might differentially affect closely related
host species with different feeding strategies. Hediste diversicolor has an alternative filter
feeding strategy which allows these organisms to utilize an additional food source (Riisgard
1991, Nielsen et al. 1995). Hediste diversicolor builds mucus nets around the opening of their
burrow to passively capture plankton; it can then consume the mucus and all captured plankton
prey; this feeding strategy does not require active movement by the worm. If parasitic infection
affects the predation activity of these host worms, H. diversicolor may be able to minimize the
impact on growth or metabolism by using an alternative feeding strategy.
Parasite impacts on the host may also be infection intensity dependent. In other systems,
it has been demonstrated that pathogenic effects of parasitism increase with increasing infection
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intensity, sometimes resulting in mortality of the host (and the parasites within) (Kuris and
Warren 1980, Mouritsen and Jensen 1997). The single study on Z. rubellus and A. virens
reported no effect of infection intensity (McCurdy and Moran 2004), however this factor was not
specifically manipulated and therefore the variation in infection intensity may not have been
sufficient to document such an effect. Given that these metacercariae encyst and do not actively
move or feed, and the high variation in infection intensity that has been documented (Chapter 1;
McCurdy and Moran, 2004), it is likely that there is minimal impact at low infection intensities,
but deleterious effects may increase at higher levels of infection intensity (an infection intensity
dependent effect).
Such an infection intensity dependent effect could have significant ecological
implications. The Eastern mudsnail I. obsoleta, the first intermediate host and vector for Z.
rubellus, is seasonally present on the intertidal mudflats inhabited by A. virens and H.
diversicolor. Consequently, the exposure intensity and period of exposure to Z. rubellus will vary
temporally. Infection prevalence and intensity has the potential to vary across the year, and the
host extended phenotype may correspondingly change.
The goal of this study was to assess the impact of Z. rubellus on A. virens and H.
diversicolor. This study investigated (1) the susceptibility of A. virens and H. diversicolor to Z.
rubellus infection and (2) the impacts post-infection, specifically the effect of Z. rubellus
infection on (2a) the predation activity of H. diversicolor and (2b) the growth and survival of A.
virens and H. diversicolor. Neanthes succinea were not included because an uninfected supply of
worms was unavailable and prior infections may alter the outcome of the study.
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Methods:
Susceptibility of A. virens and H. diversicolor to Z. rubellus
To determine the susceptibility of A. virens and H. diversicolor to infection by Z.
rubellus, a series of laboratory infection studies were conducted. Individuals of each nereid were
collected from sites previously found to have low background infection levels. Hediste
diversicolor were collected from an estuarine mudflat at Odiorne State Park. Alitta virens were
obtained from coastal mud/sandflats at Rye Harbor. Five individuals of approximately equal wet
mass were selected for each species. Worms were then exposed for 24 hours to 50 (±10) Z.
rubellus cercariae naturally shed cercariae from I. obsoleta. Cercariae were less than 24 hours
old and actively moving. During the exposure period, the worms were isolated in darkened bowls
of seawater at room temperature (~20° C). Infection incubation was conducted at 20° C to match
the environment in which the cercariae were shed to reduce a temperature shock that might affect
the activity of the cercariae. All light was removed to reduce extraneous stress on the worms
from the lack of burrowing substratum. After 24 hours the worms were placed in fresh chambers
with sand at 15° C and fed Artemia salina nauplii (brine shrimp) ad libitum until dissection. In
the first trial, worms were dissected to count the number of live metacercariae 3 weeks after
exposure. The dissection date was selected to ensure that any cercariae that successfully
penetrated the host had time to metamorphose and encyst, to reflect true successful infection.
The timeline for metamorphosis and encystment is not known and therefore the dissection was
delayed to ensure that sufficient time was allowed. In the second trial worms were dissected 1
week after exposure, following results of the first trial.
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Infection intensity dependent impacts of Z. rubellus on the predation activity of H. diversicolor
To determine the effect of infection by Z. rubellus on the predation activity of H.
diversicolor, a series of laboratory studies were conducted. Hediste diversicolor were collected
from Odiorne State Park and maintained in large tanks with sand at 15° C. Worms were exposed
to 50 cercariae of Z. rubellus as described above. After 48 hours, worms were placed in fresh jars
with 100mL of seawater and 1mL of brine shrimp nauplii in seawater. Brine shrimp nauplii were
hatched in seawater for 48 hours prior to use and visually surveyed to confirm that the majority
had hatched and were actively swimming. The concentration of brine shrimp nauplii varied
between batches, so a control treatment with no worm was included in every trial. For each trial
there were 5 replicates of three treatments: control (no worm), uninfected worm, infected worm.
Differences between trials are outlined below.
Trials 1 and 2: Worms were provided with a length of aquarium ¼” airline tubing (just
longer than the worm) as an artificial burrow. Brine shrimp nauplii were counted after 24 hours.
Trials 3, 4 and 5: Worms were isolated with brine shrimp nauplii without any substrate or
artificial burrow. Brine shrimp nauplii were counted after 1 hour.
Trial 6: To determine if there was a density dependent effect of Z. rubellus cercariae on
the predation activity of H. diversicolor, a trial was conducted in which worms were exposed for
24 hours to 0, 20, or 200 Z. rubellus cercariae. Immediately following the 24-hour exposure,
worms were placed in new chambers with brine shrimp nauplii for 6 hours, after which the worm
was removed and the brine shrimp nauplii were counted. There were five worms in each
treatment and three controls with no worm. The wet mass of each worm was measured.
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Impacts of Z. rubellus on the growth and survival of A. virens and H. diversicolor
To determine the effect of infection by Z. rubellus on the growth and survival of nereid
worm hosts, a series of laboratory studies were conducted. These studies assessed if infection
affects the growth and survival of the host and if the magnitude of this effect is dependent on
infection intensity. Hediste diversicolor were collected from estuarine mudflat at Odiorne State
Park. Alitta virens were obtained from coastal mud/sandflats at Rye Harbor. No I. obsoleta were
observed at either site. Healthy worms (no obvious damage and an intact pygidium) of
approximately equal wet mass were individually housed in mesh walled chambers with 6 cm
depth of azoic sand. Worms were fed 0.05 g of Tetramin™ fish food three times weekly. Worms
were allowed two weeks to acclimate to the chambers prior to exposure to Z. rubellus cercariae.
Cercariae were naturally shed from I. obsoleta maintained in individual jars for 24 hours in 32
ppt seawater at 15° C. Cercariae were counted and pipetted into bowls containing experimental
worms; cercariae and the nereid worm host were isolated in darkened infection chambers for 24
hours, after which time the worms were returned to their respective chambers. To determine the
growth rate, the wet weight of each worm was measured weekly starting during the acclimation
period and continuing 4 weeks post exposure. Any mortality was also documented.
Trial 1: Freshly collected H. diversicolor were exposed to 0, 15, or 50 cercariae shed
from I. obsoleta within a 24-hour period. Worms were maintained at 15° C and 32 ppt. The
worm hosts were isolated with the cercariae for 48 hours without sediment, after which azoic
sand was added. Worms were fed commercial Tetramin® fish food in excess twice weekly.
Water was refreshed just before addition of new food. The wet mass of each worm was measured
weekly. After 49 days, each worm was measured a final time and dissected within one week.
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Trial 2: A similar setup was used as in the previous trial; however, the holding system
was modified to prevent escape, desiccation mortality, and damage from sediment. Hediste
diversicolor were maintained in individual bowls without sediment; each worm was provided an
artificial burrow made of segments of aquarium ¼” airline tubing. Experiments were conducted
at 20 ppt (matching the salinity from which the worms were harvested and acclimated in the
laboratory) and 15° C. Worms were exposed to 0, 50, or 200 cercariae. Growth was measured
weekly. Worms were dissected at the end of the trial.
Trial 3: To determine the effect of infection by Z. rubellus on A. virens, freshly collected
A. virens were exposed to 0 or 200 Z. rubellus cercariae. The worm hosts were isolated with the
cercariae for 24 hours without sediment, after which azoic sand was added. Worms were fed
commercial Tetramin® fish food in excess twice weekly. Worms were maintained at 15° C and
32 ppt. Water was refreshed just before addition of new food. The wet mass of each worm as
measured before exposure to Z. rubellus cercariae, 24 hours after exposure, one week and one
month post-exposure.
Trial 4: A similar setup was used as in the previous trial; however, the holding system
was modified to prevent escape and desiccation mortality. Alitta virens were maintained in mesh
walled vessels within a common, aerated shallow tank. Experiments were conducted at 20 ppt
(matching the salinity from which the worms were harvested and acclimated in the laboratory)
and 15° C. Worms were exposed to 0, 50, or 200 cercariae. Growth was measured for 4 weeks
prior to exposure to cercariae and 4 weeks post exposure.
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Statistical analyses:
To compare the cercarial transmission between H. diversicolor and A. virens, ANOVAs
were conducted for each trial. To compare the predation activity of infected and uninfected H.
diversicolor, ANOVAs were conducted with trial as a blocking factor. Trials with the same
experimental designs were combined for statistical analysis: trials 1 and 2, trials 3, 4, and 5. To
compare the infection intensity of H. diversicolor following the end of growth trials, ANOVAs
were conducted. To compare the growth over time, repeated measures ANOVAs were conducted
with treatment and time as independent factors. All analyses were conducted in JMP 15.

Results:
Susceptibility of nereid worms to Z. rubellus
Cercariae transmission differed between the two trials (Figure 3.1). In trial 1, there was a
significant difference in the number of encysted Z. rubellus metacercariae in H. diversicolor and
A. virens (F = 6.54, df = 9, p = 0.0338). There was a statistically significant difference in the wet
mass of H. diversicolor (mean ± SE: 0.31 ± 0.03g) and A. virens (0.42 ± 0.03g) (F = 6.0, df = 9,
p = 0.0394), but there was substantial overlap in sizes and there was no correlation between
worm mass and infection intensity. In both worm species, metacercariae were observed evenly
distributed throughout the worm’s body (anterior to posterior) and were found predominantly in
the parapodia. In H. diversicolor, the metacercariae cysts were transparent and colorless. In A.
virens, the cysts were amber colored and there were also many opaque cysts for which the
trematode species could not be visually identified. In trial 2, there was no difference in the
intensity of live Z. rubellus metacercariae between the worm species (F = 0.35, df = 8, p =
0.5738). There was also no difference in the intensity of old cysts between the worm species,
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with most individuals harboring between 1 and 3 old cysts. There was no significant difference
in the wet mass of the two worm species, but A. virens were smaller than worms used in trial 1
(0.26 ± 0.02g). Metacercariae cysts were transparent in both species, but for 3 of the 5 A. virens
the cysts were amber colored.
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Number of Z. rubellus metacercariae
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Figure 3.1: Infection intensity of Z. rubellus metacercariae in H. diversicolor and A. virens 3
weeks (trial 1) and 1 week (trial 2) post exposure to 50 cercariae (n = 5 per treatment). Error bars
represent standard error. Asterisk indicates a significant difference between species.
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Infection intensity impact of Z. rubellus on the predation activity of H. diversicolor
There was no effect of Z. rubellus infection on the predation activity of H. diversicolor.
In all trials, there was a significant difference between the number of remaining brine shrimp
nauplii in the control treatments and worm treatments, but no difference between infected and
uninfected worms (Figure 3.2). For statistical analysis, trials 1 and 2 were combined and trials 3,
4, and 5 were combined (trials 1 and 2: F = 20.2, df = 29, p < 0.0001; trials 3-5: F = 68.7, df =
43, p < 0.0001).
When infection intensity was varied (trial 6), there was a significant difference between
exposure treatments. There were significantly fewer brine shrimp nauplii in 0 and 20 cercariae
exposure treatments than the 200 cercariae exposure and no worm control treatments (Figure 3.3;
F = 10.3, df = 17, p = 0.0008). There was no difference between the control and 200 cercariae
exposure treatment.
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Trials 3, 4, and 5

Trials 1 and 2
400

Number of brine shrimp nauplii

350

*

*

300
250
200
150
100
50

0

Control

Infected

Uninfected

Control

Infected

Uninfected

Treatment

Figure 3.2: Predation activity of H. diversicolor. Number of brine shrimp nauplii after 24 hours
(trials 1 and 2) and 1 hour (trials 3, 4, and 5) in isolation chambers: control (no worm), infected
(worm exposed to 50 cercariae), or uninfected (worm exposed to 0 cercariae) (n = 5 per
treatment per trial). There were significantly fewer brine shrimp in treatments with worms, but
no difference between worms exposed to 50 Z. rubellus cercariae (infected) and worms not
exposed to cercariae (uninfected). Error bars are standard error. Asterisk indicates a significant
difference between species.
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Figure 3.3: Number of brine shrimp nauplii after 6 hours in isolation chambers with no H.
diversicolor or with H. diversicolor exposed to 0, 20, or 200 Z. rubellus cercariae (trial 6) (n = 5
per treatment). There were significantly fewer brine shrimp nauplii in treatments with worms
exposed to 0 or 20 Z. rubellus cercariae than with worms exposed to 200 cercariae or the no
worm control. Error bars are standard error. Asterisk indicates a significant difference between
species.
Impact of Z. rubellus on the growth and survival of H. diversicolor:
Trial 1: All H. diversicolor that were exposed to cercariae were found to be infected with
healthy metacercariae after 50 days; no indication of imminent mortality of metacercariae was
observed. Previous reports indicated that Z. rubellus metacercariae survived for at least 30 days
in A. virens (Shaw 1933). These findings indicate that metacercariae may be long lived within
the host which would facilitate transmission to the definitive host. There was a significant
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difference between exposure treatments in the number of encysted metacercariae at the end of
the trial (F = 29.4, df = 25, p < 0.0001). Worms exposed to 50 cercariae had 20 ± 1.9
metacercariae and worms exposed to 15 cercariae had 4.8 ± 1.8 metacercariae.
Mortality was observed in every treatment, including the control. Much of this mortality
however was due to worms escaping from their tank and desiccating. Growth of those
individuals that survived to the end of the study was assessed. There was an increase in wet mass
over time, but there was no difference between treatments (Figure 3.4; Ftime = 6.2, ptime = 0.0019;
Wilks’ Lambda Ftime*treatment = 0.57, p = 0.9021).

Figure 3.4: Trial 1: Growth assay with H. diversicolor in which worms were exposed to 0, 15, or
50 Z. rubellus cercariae on day 0 (n0 = 7, n15 = 5, n50 = 5). Error bars represent standard error.
There were no significant differences between treatments.

Trial 2: The second trial produced similar results to trial 1. Some H. diversicolor escaped
from their enclosures in each trial, leading to mortality. Two worms released sperm and
subsequently died. Two worms in the 50 exposure treatment died of unknown causes. When
132

these individuals are removed from the dataset, there was no effect of parasite exposure on the
growth rate of the worms (Figure 3.5; Ftime = 1.9, ptime < 0.0001; Wilks’ Lambda Ftime*treatment =
0.84, p = 0.5733). There was a significant difference between exposure treatments in the number
of encysted metacercariae at the end of the trial (F = 58.1, df = 39, p < 0.0001). Worms exposed
to 200 cercariae had 101 ± 7.3 metacercariae and worms exposed to 50 cercariae had 21.8 ± 6.3
metacercariae.

Figure 3.5: Trial 2: Growth assay with H. diversicolor in which worms were exposed to 0, 50, or
200 Z. rubellus cercariae on day 0 (n0 = 15, n50 = 15, n200 = 11). There were no significant
differences between treatments.

Impact of Z. rubellus on the growth and survival of Alitta virens:
Trial 3: No growth was observed among A. virens after an initial increase at the start of
the study. There was no difference between treatments (Figure 3.6). Little growth was observed
across the study period and no differences were observed in the growth between the control and
exposed groups.
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Figure 3.6: Trial 3: Growth assay with A. virens in which worms were exposed to 0 or 200 Z.
rubellus cercariae on day 1 (n0 = 14, n200 = 14). Error bars represent standard error. There were
no significant differences between treatments.

Trial 4: Mortality was highest among the control A. virens which were not exposed to any
cercariae and lowest amongst worms exposed to 200 cercariae. It is likely that some factor other
than parasitic infection was affecting the survival of the worms. The worms used in these trials
had been maintained in the laboratory for 4 months prior to use in the study. During that period,
the temperature-controlled room in which they were held experienced mechanical failure
resulting in a rapid increase in temperature to over 26° C in a short period of time. Worms were
re-acclimated to 15° C for 4 weeks prior to cercariae exposure, however it is unknown what
effect that the temperature fluctuations may have had on the health of the worms. I attempted to
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obtain fresh worms, but was unable to obtain sufficient numbers of worms (with relatively
consistent wet mass) from sites where I had previously sourced A. virens.
The general pattern observed, however, matches the previous growth study. Worms
exposed to 50 cercariae had the greatest growth, while worms exposed to 200 cercariae displayed
a slowed growth, but they were not statistically different (Figure 3.7; Ftime = 3.5, ptime = 0.3083;
Wilks’ Lambda Ftime*treatment = 0.20, p = 0.8085). Pre-exposure, all treatment groups displayed
positive growth; post-exposure all groups showed reduced growth (Figure 3.8). This difference
before and after exposure was statistically significant, but not different between treatment groups
(Ftime = 3.9, ptime < 0.0001; Ftime*treatment = 0.37, p = 0.1276). The 50 cercariae exposure group
displayed less of a reduction in growth rate than the 200 cercariae exposure rate, which might be
indicative of a negative impact of a higher infection intensity. However, these differences were
not statistically significant due to low replication and high variation among individual worms.
There was no difference between exposure treatments in the percent change in wet mass after
exposure (F = 2.1, df = 15, p = 0.1639).
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Figure 3.7: Trial 4: Growth assay with A. virens in which worms were exposed to 0, 50, or 200
Z. rubellus cercariae on day 28 (n0 = 4, n50 = 5, n200 = 7). Error bars represent standard error.
There were no significant differences between treatments.
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Figure 3.8: Trial 4: Percent change in wet mass of A. virens pre-exposure (weeks 1-4) and postexposure (weeks 5-8) (n0 = 4, n12 = 5, n200 = 7). Error bars are standard error. There were no
significant differences between treatments.
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Discussion:
Host susceptibility
Zoogonus rubellus interacts with its second intermediate nereid worm hosts, Alitta virens
and Hediste diversicolor, during two distinct life stages: first as a free living cercaria and then as
the internally encysted metacercaria. This study examined how each of these stages might affect
the nereid worm hosts. The cercariae are the infective stage, that make initial contact and
penetration of the host. The transmission efficiency of Z. rubellus was different between the two
host species (Figure 3.1). On average, over 40% of cercariae successfully penetrated,
metamorphosed, and encysted in H. diversicolor. In contrast, between 10% and 35% of cercariae
successfully encysted in A. virens. Dissections of A. virens conducted 1 week post exposure
revealed 35% successful infection. Three weeks post exposure only 10% of cercariae were found
as live metacercariae within A. virens. One week post exposure there was also no difference
between H. diversicolor and A. virens in the number of old cysts. While old cysts were not
counted in the first trial, 3 weeks post exposure, notes indicated substantial numbers of old cysts
were observed in A. virens. These results may be expected considering field survey observations
in which low counts of healthy Z. rubellus metacercariae were observed within A. virens, but
large numbers of old/dead cysts were present (Chapter 1). Together these results suggest that H.
diversicolor may be more susceptible to Z. rubellus metacercariae than A. virens, but that Z.
rubellus cercariae are equally capable of penetrating the body wall of both nereid worm species.
Instead, H. diversicolor and A. virens may have distinct immune responses post-penetration by
cercariae than impact the survival of metacercariae within the host.
Host susceptibility is a consequence of the coevolutionary history of the host and
parasite. One study demonstrated the effect of coevolution on host susceptibility and parasite
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infectivity by raising several generations of the host snail in the laboratory and then exposing
them to parasites from the original parent population. The successive generations were
significantly more susceptible to the parasite than the parent generation demonstrating how
quickly these relationships can evolve, particularly when virulence is high, and the important
role of coevolution in parasite transmission dynamics (Koskella and Lively 2007). The effect of
coevolutionary history on host susceptibility has also been demonstrated in several field based
studies which found higher susceptibility of introduced host species to a parasite as compared to
the native hosts (Frankel et al. 2015, Gagne et al. 2016, Westby et al. 2019). Zoogonus rubellus
may have different evolutionary histories with A. virens and H. diversicolor. Recent molecular
evidence has suggested that H. diversicolor is a cryptic introduced species to the western
Atlantic (Virgilio et al. 2009, Einfeldt et al. 2014). If this is true, then, given the evidence from
this study of low virulence of Z. rubellus among nereid worms, the higher susceptibility or
weaker immune response of H. diversicolor may be due to a shorter co-evolutionary history with
Z. rubellus resulting in less effective mechanisms for preventing infection by Z. rubellus.
Alternatively, the different susceptibilities of A. virens and H. diversicolor may be due to
life history difference between these two species. Alitta virens is longer lived than H.
diversicolor; any costs of infection by Z. rubellus may accumulate and result in a greater cost for
A. virens than H. diversicolor. Surveys of wild populations in Great Bay Estuary found distinct
differences in number of live Z. rubellus metacercariae and old cysts within these two species
(Chapter 1). Hediste diversicolor had a similar number of live metacercariae as A. virens (despite
H. diversicolor being smaller worms), but H. diversicolor had fewer old cysts than A. virens.
This suggests that A. virens accumulates more infections than H. diversicolor and therefore the
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potential accumulated impact might be greater. This could lead to these two host species
evolving differences in their susceptibility to infection.
Observed differences between A. virens and H. diversicolor in susceptibility to Z.
rubellus infection may also be due to physical differences in the sizes of these two nereid worms.
Larger individuals have thicker body walls that may be more difficult for cercariae to penetrate.
In susceptibility trial 1, when transmission success was significantly lower in A. virens than H.
diversicolor, A. virens were significantly larger than H. diversicolor in trial 1 (Figure 3.1). The
difference between means was only 0.1 g and there was overlap in the range between both
species; while this was a statistically significant difference, it is unknown if it is a biologically
meaningful difference. In trial 2, there was no difference in wet mass of the two species and no
differences were observed in the transmission success between nereid species. Furthermore, the
wet mass of all A. virens were smaller in trial 2 than trial 1. It is possible that this lack of
difference in size accounts for the higher transmission success of Z. rubellus infecting A. virens
in trial 2. However, there was no correlation between host size and transmission efficiency
within either host in either trial, suggesting that host mass does not explain the observed
differences in transmission success of Z. rubellus. Still, size cannot be discounted as a potential
factor behind the observed differences in Z. rubellus transmission in A. virens and H.
diversicolor. If size is a primary driving factor in susceptibility to infection, it would likely result
in different infection patterns in wild populations given the natural differences in size between
these two species.
The transmission efficiency of Zoogonus rubellus cercariae was highly variable between
individual hosts. However, a pattern was observed of 30-50% transmission efficiency in H.
diversicolor across infection susceptibility trials and growth trials, regardless of infection
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intensity. The evidence from this study suggests transmission efficiency is not dependent upon
exposure intensity. The mechanisms driving transmission efficiency are not yet understood.
Controlled experiments should be conducted to further understand the underlying factors that
may affect transmission. Transmission efficiency is a function of both parasite and host
characteristics. Host condition (Morrill and Forbes 2012), infection history (Lysne and Skorping
2002), and genetics (Coustau et al. 1991, Krist et al. 2004) are all factors that can potentially
affect host susceptibility and thus transmission efficiency.
While the results of this study suggest that there are differences in the susceptibility of A.
virens and H. diversicolor to infection by Z. rubellus, these experiments were conducted in an
artificial environment that removed all barriers to the parasite except the physical body of the
host. In their habitats, each worm displays different distribution patterns (Kristensen 1988; see
Chapter 1), activity patterns (Wells and Dales 1951, Miron et al. 1991, Last et al. 2009, Aberson
et al. 2011), sediment preferences (Kristensen 1988), and feeding behaviors (Nielsen et al. 1995).
Hediste diversicolor are reported to spent less than one minute on the surface per tidal cycle
(Esselink and Zwarts 1989), while A. virens are reported to spend 2-3 minutes on the surface
(Copeland and Brown 1934, Miron et al. 1991, Last 2003). In addition, H. diversicolor are
capable of filter feeding (Nielsen et al. 1995), which may decrease the amount of time they spend
on the sediment surface where they are more likely to encounter cercariae. All these factors
could further affect the transmission success of the cercariae and susceptibility of the worms to
infection. A study of frogs infected by a trematode parasite found that variation in individual
immunity affected host susceptibility, but only when hosts’ behaviors were experimentally
altered (Johnson and Hoverman 2014), highlighting the important role of behavior in
transmission efficiency and actual infection dynamics.
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Differences in susceptibility to infection can affect the distribution patterns of the parasite
and potentially alter ecological interactions. A study of a trematode that uses several different
larval amphibian species as second intermediate hosts has found that the cercariae displayed a
preference for the most susceptible host species (Sears et al. 2012). The combined effect of
differences in susceptibility and cercariae preference could lead to aggregation of parasites
within the population of the more susceptible species and alleviate impacts on less susceptible
species. Differential transmission efficiency between multiple coincident hosts can lead to a
dilution effect, in which the infection prevalence and intensity is decreased in some or all host
populations due to the presence of more susceptible host species (Frankel et al. 2015, Gagne et
al. 2016, Johnson et al. 2019, Westby et al. 2019).

Post-infection impacts: predation activity
After initial contact, cercariae burrow through the host tissue to their final encystment
location where they metamorphose into metacercariae. This represents a second phase of
interaction between the trematode and host, during which the parasite may impact the host
biology. Impacts may be immediate or long-term. Short-term impacts were investigated through
predation activity trials with H. diversicolor. The results of this study reveal that for H.
diversicolor, there is a density dependent effect of cercarial exposure on predation activity
(Figure 3.3). There was no effect of exposure to 50 cercariae on the consumption of live brine
shrimp nauplii. However, when H. diversicolor were exposed to 200 cercariae, there was a
significant reduction in the consumption of brine shrimp nauplii (Figure 3.3), similar to that
observed in a previous study with A. virens (McCurdy and Moran 2004). While McCurdy and
Moran (2004) found no infection intensity dependent effect on predation rate of A. virens, they
141

did not control or vary the exposure intensity. Cercarial exposure intensity, rather than actual
infection intensity may drive the short-term reduction in predation activity. Studies of trematode
infections among amphibians has found that cercarial exposure, even in the absence of infection,
negatively impacts the host (Sears et al. 2015).
The immediate effect on predation documented at high exposure levels in H.
diversicolor (Figure 3.3) and in A. virens by McCurdy and Moran (2004) may be an immediate
stress response to cercaria penetration, rather than the presence of the metacercariae encysted
within the body. Immediately following cercarial penetration the worm host would experience an
immune response and initiate wound healing, both of which are energetically costly activities.
This diversion of resources could potentially have an immediate short-term effect on metabolic
activity and other energetically costly activities (such as predation). This may account for the
decreased predation activity response documented among H. diversicolor in this study (Figure
3.3) and among A. virens by McCurdy and Moran (2004). If this diversion of resources is the
primary cause of decreased predation activity, then it would be expected to be a short-term
response and have little long-term effect, unless the worm host is experiencing consistent and
repeated cercariae exposure.
In natural habitats, nereid worms likely experience repeated exposures across the summer
season and thus there is potential for repeated short-term impacts to have long term effects.
However, the exposure intensity (assuming an approximately 50% transmission, 100
metacercariae infection intensity) at which a negative predation effect was observed was far
higher than the actual infection intensity levels documented in nereid worm populations in Great
Bay Estuary (see Chapter 1). Exposure to 50 cercariae (actual infection intensity estimated at 2025 metacercariae) did not impact H. diversicolor activity (Figure 3.2). Field surveys found mean
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infection intensity among H. diversicolor was less than 2 metacercaria per worm, and ranged
between 0 and 55 metacercariae. The exposure intensity at which Z. rubellus may start to
negatively impact host behavior is unknown, but the results of this study suggest it is likely
higher than what is experienced by most nereid worms in Great Bay Estuary. Thus, fitness
effects of Z. rubellus on H. diversicolor is unlikely within Great Bay Estuary.

Post-infection impacts: growth and survival
Once cercariae have successfully invaded the host, they metamorphose into
metacercariae and encyst. Encysted Z. rubellus metacercariae survive for at least 50 days within
H. diversicolor. A previous study found metacercariae to survive for 45 days in A. virens (Shaw
1933). Seasonal surveys conducted in Great Bay Estuary (see chapter 1) found live metacercariae
within nereid worms in May, before first intermediate host Ilyanassa obsoleta are likely to have
started shedding cercariae. This was particularly evident in H. diversicolor, where infection
intensity was high in May. Together this evidence suggests that Z. rubellus metacercariae are
long lived within nereid worms, particularly H. diversicolor, likely surviving across the fall,
winter, and spring. A few studies that investigated the longevity of metacercariae within fish
hosts reported metacercarial survival for 2 months up to 30 months (Jae Ku Rhee et al. 1985,
Mitchell et al. 2011, Griffin et al. 2014). Such long-lived parasitic infections have the potential to
induce long-term effects on the hosts.
Despite evidence of decreased predation activity of nereid worms immediately following
infection by Z. rubellus, a single exposure to Z. rubellus cercariae had no noticeable effect on the
growth or survival of A. virens or H. diversicolor at any of the tested exposure levels (Figure 3.4,
Figure 3.5, Figure 3.6, and Figure 3.7). This suggests that there are no long-term negative
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impacts of metacercariae infection on the metabolic activity, despite the positioning of
metacercariae along areas of high blood flow (central vein and parapodia). Infection likely
induces an immediate immune response, but does not appear to have long-term impacts. If the
cost of infection is low once infection is established, the worm hosts may not mount a significant
immune response and thus there would be little long-term metabolic effect. Within the host,
metacercariae do not actively feed or move after the initial infection and encysting. Thus, initial
contact with the cercariae may be the most stressful and costly effect of infection. This would be
consistent with this study’s observations of no effect of a single point exposure of cercariae at
any intensity on worm growth (Figure 3.4, Figure 3.5, Figure 3.6, and Figure 3.7) and suggest
the negative effect of point exposure to cercariae is likely short term and minimal.
Similar short-term impacts on second intermediate hosts have been documented in other
trematode systems. A study of infection by Echinostoma liei in the snail host Biomphalaria
glabrata found that host mortality was greatest immediately following penetration by cercariae
and that all study individuals that survived 2 days post-infection did not suffer any further
mortality regardless of infection intensity (Kuris and Warren 1980). These results suggest the
highest risk period of infection for second intermediate hosts may be the initial contact and
penetration by cercariae. This same study also found that extreme infection intensity of juvenile
snail host Biomphalaria glabrata by Echinostoma liei resulted in decreased growth rates, but did
not affect adult snails (Kuris and Warren 1980). This suggests that infection intensity may have
to be high (greater than average conditions), and the age of the host may also play an important
role in the host’s ability to mitigate the effects of infection. The nereid worms used in this study
were not fully mature individuals but were also not young of the year (based on size/growth rate
estimates) and thus may not have been negatively impacted, despite high infection intensity.
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In other species, high infection intensities of metacercariae have been demonstrated to
have negative effects on host survival. Metacercarial infection intensity is negatively correlated
with foot length in cockles which, by extension, affects their burrowing depth, and mortality risk
(Mouritsen 2002b). Increasing infection intensity was correlated with host mortality in a
trematode-amphipod system (Studer and Poulin 2013b). No similar mortality effect was
observed in any of the nereid worm trials for H. diversicolor or A. virens, even when exposed to
200 cercariae simultaneously.
The lack of an effect of high infection intensities on mortality or growth may be due in
part to the anatomy of annelid worms; annelids have repeating segments (aside from the first few
anterior segments) with nearly identical structures. Annelids can reabsorb their body to prolong
survival when environmental conditions are poor (Forbes and Lopez 1990, Bely et al. 2014,
Woodin et al. 2014). This same ability may help mitigate the short-term impacts of infection.
The structural redundancy may minimize the likelihood of parasites accumulating in a single
area or preventing important physiological or mobility functions. Metacercariae were observed
close to circulatory vessels throughout the whole body of the worms. In field surveyed worm
hosts, there appeared to be slightly higher densities of parasites within the anterior region of the
host (personal observation). This same pattern was not observed in laboratory infected worms,
suggesting this may not be a function of location selection by the parasite. In lab infections,
metacercaria were found evenly distributed anterior to posterior and predominantly in the
parapodia. In the natural habitats, the anterior region of the worms may experience greater
exposure to parasites due to the older age of the anterior segments or burrowing and feeding
behaviors (worms will often keep the posterior of the body in the burrow as they explore the
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surface). It is unknown if metacercariae location differentially impacts host behavior or
physiology that could induce long-term costs to infection.
There is some evidence to suggest that the long-term cost of trematode infection in nereid
worms is low. Field surveys of worms found nearly 100% of worms to be infected at most sites
(Chapter 1). Low impact on host growth may be evolutionarily selected for in Z. rubellus
because of the trematode’s complex life cycle and the life history patterns of its hosts.
Transmission to the definitive host occurs via predation. Thus, the second intermediate host must
survive long enough to be consumed by the definitive host. The definitive host, American eel
Anguilla rostrata, displays distinct seasonal activity patterns; in water temperatures characteristic
of winter (< 8° C) they burrow into the mud and remain inactive until water temperatures warm
up again and they can commence feeding (Scott and Crossman 1974, Renaud and Moon 1980,
Walsh et al. 1983). In Great Bay Estuary, daily average water temperature drops to 8° C or below
from late October to May, limiting the potential period for predation mediated transmission to
the summer and early fall. Late summer and early fall are when transmission to the nereid worm
hosts is predicted to be highest (Chapters 1 and 2). While young metacercariae can infect the
definitive host, they are likely more successful if they have had time to develop within the nereid
worm host first (Stunkard 1938). In addition, many fishes show a preference for larger prey. If
the parasite had substantial effects on the growth of the parasite, it might decrease the likelihood
of the worm being consumed by the desired fish species. Finally, nereid worms are most likely to
be preyed upon when they leave the burrow and therefore do not exit the burrow often. They are
most likely to leave the burrow during spawning season and then die shortly after spawning
(Snow and Marsden 1974, Dean 1978). Alitta virens participate in mass spawning events in the
early spring; post-spawning the adults will often be found on the sediment surface (Creaser and
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Clifford 1982). These mass spawning events attract many predators including birds and fish that
serve as definitive hosts for Z. rubellus and other trematodes found within nereid worms. Worms
are easy prey at this time and thus it may be advantageous for the parasite to limit negative
impacts on their hosts that might limit, delay, or even prevent spawning behaviors.

Conclusion:
Zoogonus rubellus metacercariae are long-lived in its nereid worm hosts and therefore
have the potential to induce long-term negative impacts on the hosts. Despite evidence that Z.
rubellus likely induces short term behavioral changes to the host worm, specifically decreased
predation activity, there was no evidence of long-term negative impacts. Only at infection
exposure outside of naturally observed infection intensity patterns were short-term negative
impacts observed. A study of snail host Biomphalaria glabrata infected by Echinostoma liei
similarly documented negative impacts of parasitism only at extreme infection rates, outside of
naturally occurring infection intensities (Kuris and Warren 1980). This suggests that, within
natural systems, long-term impacts may be low and limited infection impacts may be
advantageous for the parasite.
While there is evidence to suggest the impact of metacercariae on host biology is limited,
the currently available data does not preclude all possibility of negative impacts on hosts. This
study only examined the effects of a single exposure. Actual exposure risk is more complex; it is
dependent upon the distributions of both first and second intermediate hosts and cercarial
shedding patterns. Although the actual intensity of cercariae exposure is unknown, exposure
occurs across the summer season while first intermediate host I. obsoleta is present in the warm
intertidal waters. Cercariae density has been documented in other species to vary across the
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season (McDaniel and Coggins 1972, Brassard et al. 1982, Ray and Agrawal 2015). Density of
Z. rubellus cercariae is likely highly patchy because I. obsoleta have patchy distributions and the
tailless cercariae of Z. rubellus are unlikely to travel far from their release location. Thus, worms
may experience persistent, but varying, exposure intensity across the spring, summer, and fall.
Such repeated exposure could lead to a sustained physiological stress response that could have
long term impacts, especially if the exposure intensity is consistently high. This could be
especially impactful for more susceptible species that may experience more frequent penetration
by parasites and therefore require a higher investment in wound healing and immune response.
Further research should be conducted to determine if repeated exposures result in sustained
metabolic impacts on hosts. Quantifying actual exposure risk will also be important for
understanding the real impact of trematode infection in second intermediate hosts.
Transmission patterns are complex. Abiotic factors affect the presence of cercariae
(Chapter 2) and the movement patterns of the hosts. Biotic factors affect the transmission success
of the parasite. To fully understand how trematodes impact their hosts, it is important to
understand the life histories of the hosts and how these different organisms interact. Timing and
intensity of exposure may interact to determine how parasites affect their host and should be
further investigated.
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CONCLUSION

Parasites are naturally pervasive in ecological communities. Recent food web analyses
have demonstrated the pivotal role of parasites in community structure and energy transfer
between organisms due to the large number of organisms at different trophic levels with which
they interact (Lafferty et al. 2006). Awareness of this important role of parasites is growing, but
most research has focused primarily on the first intermediate hosts of trematode parasites. While
these gastropod hosts often play important roles in the community, they represent a fraction of
the fauna within a community, and a small fraction of the species that are hosts to parasites.
Polychaete worms are one of the most abundant groups in marine communities and play
critical roles as predators, prey, and ecosystem engineers. The presence of polychaete worms has
been demonstrated to have significant impacts on community structure (Commito 1982, Peoples
et al. 2012). Polychaetes have often been reported as second intermediate hosts for many of the
trematodes that have been heavily studied within the first intermediate host (Peoples 2013). Still,
little attention has been paid to the relationship between polychaetes and their parasites. One
survey of a harbor in New Zealand demonstrated the high frequency with which polychaetes are
utilized by parasites (Peoples et al. 2012). Nereid worms are common polychaetes in infaunal
communities that can play significant roles structuring macrofaunal and meiofaunal communities
(Commito 1982, Commito and Shrader 1985, Tita et al. 2000) and also second intermediates
hosts to trematode parasites (Shaw 1933, McCurdy and Moran 2004).
The dynamics of infection in second intermediate hosts is likely different than that
observed in first intermediate hosts because of differences in the activity of the parasite and the
longevity of the infection. The studies conducted for this dissertation begin to provide some of
the foundational information about how trematode parasites interact with their nereid worm
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hosts. The results will allow for a better understanding of the dynamics of the relationship and
lay the groundwork for investigating how parasite affect communities as mediated through
second intermediate hosts.
Chapter 1 investigated the spatial and temporal distribution of Z. rubellus (and other
trematode species infecting the first and second intermediate hosts of Z. rubellus) in Great Bay
Estuary, New Hampshire. Zoogonus rubellus distribution was spatially and temporally variable.
Zoogonus rubellus distribution varied at two temporal scales, annually and seasonally. The
variation in distribution, while dependent upon host distributions, was not explained by variation
in host distributions, suggesting other factors play important function in trematode distribution.
However, the surveys indicated a link between parasite distribution patterns between first and
second intermediate hosts. The best explanatory factor of Z. rubellus infection patterns among
the second intermediate host was the distribution of infected first intermediate hosts (Figure
1.17). Definitive host populations have often been linked to infection patterns among first
intermediate hosts (Smith 2001, 2007, Skirnisson et al. 2004, Hechinger and Lafferty 2005,
Fredensborg et al. 2006, Byers et al. 2011, Levakin et al. 2013), but fewer studies have
demonstrated the link between first and second intermediate hosts (Fermer et al. 2010, de
Montaudouin et al. 2016).
Chapter 2 investigated the abiotic factors that may affect cercarial abundance. This
chapter focused on the effect of temperature and salinity on cercarial emergence. Both
temperature and salinity were significant factors affecting the emergence of cercariae from the
first intermediate host. The results of this study suggested that temperature plays a significant
role in controlling the seasonality of cercarial emergence (and based on previous studies, also
emergence across the season (Thieltges and Rick 2006, Koprivnikar et al. 2010, Nikolaev et al.
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2020)) and that salinity may play an important role in modulating cercarial emergence on shorter
time scales across the summer season. Understanding these factors is essential for understanding
infection risk among second intermediate hosts and may help to understand the spatial and
temporal distribution patterns observed in the field.
Chapter 3 investigated the impact of Z. rubellus infection on second intermediate nereid
worm hosts. The results of this study indicate that A. virens and H. diversicolor have different
susceptibilities to Z. rubellus infection and may have different immune responses post-infection
(Figure 3.1). Hediste diversicolor displayed short-term behavioral changes immediately
following exposure to a high intensity of cercariae, in the form of reduced predation activity
(Figure 3.2). Similar observations of reduced predation activity at high cercarial exposure was
documented in a previous study of A. virens (McCurdy and Moran 2004). However, there is no
evidence of long-term impacts on the worm host metabolic activity, as measured by growth rate.
This suggests that Z. rubellus impacts are most intense immediately upon contact with the host,
likely inducing costly immune and wound healing responses. After the initial immune response,
there is likely little negative impact on the nereid host. However, these conclusions are based on
single point exposure in an artificial laboratory setting. Infection exposure levels are not
reflective of the likely natural exposure in either time or intensity.
Cumulatively the results of these studies suggest that within Great Bay Estuary, the
impact of Z. rubellus on community structure may be limited. The density of infected I. obsoleta
was highly variable across space and time. Infected nereid worms are dispersed and have
relatively low densities. Studies from the North Atlantic that have documented significant
impacts of nereid worms on community structure documented densities of N. virens ranging
from 75 to 360 per m2 (Commito 1982, Ambrose 1984, Caron et al. 1996), substantially higher
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than the total density of nereid worms found in Great Bay Estuary. This suggests a limited role
of nereid worms in structuring communities in Great Bay Estuary, regardless of infection status.
Additionally, nereid worms are only at risk of infection during the warmest months of the year.
Negative impacts of Z. rubellus on nereid worm behavior and biology may be limited to extreme
exposure events which are unlikely to uniformly affect the entire nereid worm population given
the aggregated distribution patterns of I. obsoleta within mudflats. Furthermore, Z. rubellus
displayed an aggregated distribution within nereid worm populations suggesting that few worms
are exposed to high intensities of cercariae. The impacts of Z. rubellus on nereid worm behavior
and biology may be limited to only short-term impacts. Given these results, it is unlikely that Z.
rubellus has significant impacts on community structure through impacts on the nereid worm
host. However, there is substantial work to be done to continue to understand the dynamics
driving this complex system.
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APPENDIX A: GPS COORDINATES FOR SURVEY SITES

Table A.A.1: GPS coordinates for sites surveyed in yearly and seasonal surveys (Chapter 1)
Site
Jackson's Landing
Adam's Point
Bellamy Preserve
Scammel Bridge
Urban Forestry Center
BG's Boathouse

A
B
C
D
E
F

Latitude
43°08'04.8"N
43°05'44.2"N
43°08'21.4"N
43°07'44.8"N
43°02'55.4"N
43°03'11.4"N

Longitude
70°54'39.3"W
70°52'04.5"W
70°50'58.3"W
70°50'42.1"W
70°45'44.8"W
70°44'31.1"W
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APPENDIX B: LARVAL STAGES OF TREMATODES FOUND WITHIN Z. RUBELLUS

Figure A.B.1: Sporocysts of Z. rubellus dissected from I. obsoleta. Arrow indicates a cercariae
of Z. rubellus developing within the sporocyst.

Figure A.B.2: Live metacercariae of Z. rubellus dissected from H. diversicolor. Arrows indicate
metacercariae distributed near the central vein. Bottom left metacercariae displays translucent
amber coloring.
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